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1. INTRODUCTION 

Over the last decade the author's research project has undertaken 
a comprehensive study of the origins and characteristics of tropical 
cyclones. Many of these results are believed to be relevant to the U.S. 
Navy for forecasting and numerical simulations of these storms, and this 
report is issued to disseminate this information. This is the fourth 
report on this subject. Previous reports by Cray and Frank (1977, 1978) 
and Gray (1979) give additional information. This research includes 
composite studies of large amounts of rawinsonde and satellite data. 

Section 2 presents information on tropical cyclone development. 
Section 3 discusses tropical cyclone diurnal variability. Section 4 
gives new information on the intensity change of tropical cyclones. 
Section 5 gives information on new statistical analysis supporting the 
validity of the rawinsonde composite methodology. Section 6 gives 
information on tropical cyclone looping motion. Other tropical cyclone 
information is also presented and discussed. 

More detailed information is contained in the Colorado State 
University Department of Atmospheric Science tropical cyclone project 
reports of Gray, 1975a, 1975b; George, 1975; Frank, 1976; Zehr, 1976; 

S. Erickson, 1977; Arnold, 1977; and other papers by Frank, 1977a, b, c; 
Gray, 1975a, b; Gray, 1977a, b, c; Nunez and Gray, 1977; McBride and 
Gray, 1978; Gray, 1979; McBride, 1979; and Chan, Gray and Kidder, 1979; 


and Nunez, 1981. 
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2. TROPICAL CYCLONE FORMATION 

At locations and in seasons in which tropical cyclone genesis 
regularly occurs, such as around Guam during the summer, seasonal clima¬ 
tological factors such as depth of warm water, 9^ gradient in lower 
troposphere, middle-level humidity, etc. are always positive and large. 
Consideration must be given to the day to day variations of dynamic 
factors. Hundreds of individual case data sets of developing and non¬ 
developing disturbances in the western Pacific and western Atlantic have 
been assembled at Colorado State University (CSU) to try to better under¬ 
stand the day by day factors which are associated with tropical cyclone 
genesis. These new data sets have been extensively analyzed by the 
rawinsonde data compositing techniques that have been developed at CSU 
and discussed in reports of Gray (1967), Zehr (1976), Erickson (1977), 
Arnold (1977), McBride (1979) and Nunez (1981). The papers by McBride 
and Nunez have reviews of our most recent observational results on tro¬ 
pical cyclone genesis. 

To understand cyclone genesis one must be able to explain not just 
the processes which bring about cyclone genesis, but also the conditions 
which, in the majority of cases, inhibit genesis. Non-genesis cloud 
cluster disturbances have also been extensively studied. 

Analysis of the moisture, vertical stability, and cloud fields 
between the developing and non-developing cloud cluster systems in both 
the west Pacific and the west Atlantic do not show significant differ¬ 
ences between the composite fields. Major differences occur only in the 
surrounding environmental tangential wind fields and the tropospheric 
vertical wind shears. Vertical cross-sections of the tangential wind of 
developing (Dl, D2) and non-developing cloud cluster systems (Nl, N2) 
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disturbances (from McBride, 1979). 

genesis. The above data shows that there is a requirement not only for 
very small vertical wind shear near the system center but also for two 
adjoining regions of strong 200-900 mb vertical shear of opposite sign 
on either side of the developing system. It is necessary that most of 
this vertical wind shear be in the upper troposphere, however. Such 
requirements are met when a strong anticyclone is located over a low 
level disturbance. 

The vertical shear pattern for the developing systems is a function 
of both the upper level and the lower level flow and extend^ over a 
large region of the tropics, often as far as 10° latitude distance from 
the center of the system. These ideas correspond well to the results of 
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the Atlantic (top figure) and the Pacific (bottom figure) data 
sets (from McBride, 1979). 


a number of previous researchers who have emphasized the requirement for 
a superposition of favorable upper level and lower level large scale 
flow features prior to disturbance intensification (Riehl, 1954; Yanai, 
1961, 1968; Sadler, 1967, 1976a, 1976b). 

More specifically, V. Dvorak (1975) states that development will 
not take place underneath a unidirectional upper tropospheric flow 
pattern. Such a flow pattern is inconsistent with a large north-south 
gradient of ")U/3p. Dvorak (personal communication) also states that 
development in the Atlantic is inhibited by upper level northerly flow 



















Fig. 5. Plan views of zonal L^qq m b ~ ^900 mb w i nc * shear (top figures) 
and meridional shear V20O mb ~ v 900 mb shear (bottom 

figures) for different non-developing west Atlantic tropical 
cloud clusters and easterly waves. Units: ms 1 (from McBride, 
1979). 

to the west of a disturbance. This is consistent with the requirement 
for a large value of 9/3x(3V/3p) shear. 

McBride (1979) has shown that at 6° radius 900 mb minus 200 mb vorticitv 
differences are about three times greater for the developing systems than 
for the non-developing systems (see Table 1). Thus, in the beginning 
or cluster stage of development, there is already quite a large amount of 
positive relative vorticity which extends over such a large scale that 


its origin must he external to the cluster or incipient cyclone svstem 
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( ^200 «M> “ ) KnC,S 

Fig. 6. Composite zonal vertical wind shear for average rawin informa¬ 
tion in each area relative to the center of 84 tropical dis¬ 
turbances in the South Pacific which later developed info 
tropical storms. Length of arrows proportional to wind shear 
in knots (at left). Values in parentheses are number of wind 
reports in each area average. Distance from the center is 
given by the lightly dashed circular lines at 5 latitude incre 
ments (from Gray, 1968). 
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N INDIAN OCEAN 

b VERTICAL shear of zonal wind 
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Fig. 7. Same as Fig. 6 but for 54 tropical disturbances in the North 

Endian Ocean which Later developed into tropical storms (Gray, 
L968). 
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,ind likely dependent on the characteristics of the tropical ITCZ and 
the middle latitude westerly wind belts of both hemispheres. The 
establisliment of these favorable middle latitude conditions which allow 
for a favorable cyclone genesis environment is not vei'y frequent. When 
these conditions occur a multiple of cyclones often form. 

Cyclone genesis may be viewed in terms of a vertical gradient of 
vorticity: a large north-south gradient of - 3U/3p in combination with 

a large east-west gradient of 3V/3p. 


L- ( - ) + !_ ( £v 

Oy dp 3x ''3p 
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- X 


200 mb 


TABLE 1 

Mean relative vorticity differences between 900 and 200 mb for the 
average of developing and non-developing data sets (10 ^s - ^-) (from 
McBride, 1979). 

0-2° 0-4° 0-6° 


Average NON-DEVELOPING 

(Pacific Nl; Atlantic 2.3 1.1 0.7 

Nl, N2, N3) 


Average DEVELOPING 
weak systems (Dl, D2) 


5.2 


3.1 


2.0 
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2.1 The Concept of Condensation Warming 

Our conceptual view of the basic causes of the hurricane are 
inexorably tied up in the condensation energy release process associated 
with cumulus convection. A rainfall of 1 cm can produce an energy equiva¬ 
lent of about 2.5°C mean troposphere temperature increase. Hurricanes 
have largo positive interior temperature anomalies. These- t- mnerat ire 
anomalies seem to occur where condensation energy release is large. The 
general view has been that condensation from inward advection of water 
vapor brings about tropospheric temperature increase, surface pressure 
fall, and strong winds through a wind to pressure adjustment. This view 
lias implied that temperature and pressure changes occur first and w ■' nd 
responds to them. Figure 8 is a typical example of this type of "in- 
up-out" hurricane circulation which has been viewed as typical. Inflow¬ 
ing water vapor condenses and acts to warm the interior of the storm 
system and lower the interior pressure. The wind increases in response to 
the pressure drop. 

This generally held conceptual view of the basic process of the 
hurricane is not so well supported by the observations. Although con¬ 
densation energy release is a fundamental ingredient of the hurricane, 
its existence in large amounts does not necessarily insure the hurri¬ 
cane’s formation or maintenance. 

In general, cloud cluster cumulus convection brings about no sig¬ 
nificant net tropospheric temperature change at the time and place it 
occurs. Rain area upper tropospheric temperature increase is typically 
balanced by a lower tropospheric temperature decrease. Almost no tro¬ 
pospheric warming occurs. The wind response to such lower and upper 
tropospheric temperature change is to bring about vertical motion 
change which act to wipe the temperature change -way - see Fig. 9. 
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•— RADIUS (Km) —• rk>ht $ioc 


Fig. 8. Idealized view of the hurricanes mean radial circulation which 
is just "in-up-out" without vertical mass recycling. 
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Fig. 9. Idealized vertical cross-section portrayal of how the 

atmosphere will respond to direct meso-scale cloud cluster 
warming (in diagram a) to induce a vertical motion response 
(diagram b) which cause an opposite warming influence (diagram 
c) that acts to nearly cancel the original cloud cluster 
warming (diagram d). 

Warming as a Pressure to Wind Adjustment Process . Recent CSU 
studies of wind-pressure adjustment by W. Schubert and his group and U. 
Fingerhut indicate that at tropical locations where f and X r are small 
that the mass field will adjust to the wind and not vice-versa for scales 
smaller than the Ro.ssby radius of deformation. Temperature increase on 
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the meso or smaller-scale occurs only when the mass field sinks and 
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warms in adjustment response to a stronger momentum field. Thus, in 
a general sense, the influence of cloud convection on meso-scale tem¬ 
perature increase appears to be primarily that of the convective cloud's 
role in altering the momentum field and a consequence mass adjustment 
to such altered momentum fields. The degree of momentum field altera¬ 
tion by convection depends upon the momentum field itself and its 
latitude. 

Vertical Mass Recycling . In the last 10-12 years a general belief 
has begun to emerge among a number of tropical meteorologists that there 
exists in tropical cloud clusters and hurricanes (except in the inner 
core region, r < 1°) a substantially greater amount of mass going up- 
and-down within the system than that specified by the mean vertical 
circulation. The hurricane circulation is not just "in-up-out" as 
has been generally envisaged (and as portrayed in Fig. 8) but rather is 
more typical of an "in, down-up, down-up, down-up, out" transverse cir¬ 
culation. Recycling is largest at cloud base and decreases to zero in 
the upper troposphere (see Fig. 10). This means that a high degree of 
vertical exchange of energy, moisture, and momentum can occur in the 
lower two-thirds of the troposphere. Such vertical recycling mass 
exchange is indespensable for: 

1) the maintenance of the hurricane's convection. Cloud models 
show that for the typical lapse rate of these tropical systems 
Cb convection requires large boundary layer downdraft mass 
forcing, 

2) raising evaporated vapor out of the planetary boundary layer, 

3) allowing the greater tapping of the ocean energy source through 
downdraft drying and cooling of the boundary layer. This 
allows the maintenance of the transverse circulation against 
its normal energy loss (as discussed later), 

4) maintaining the sensible temperature of the hurricane's bound¬ 
ary layer inflow at close-in radii against expansion cooling. 
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Fig. 10. Idealized x-section view of the hurricane's mean radial 
circulation with superimposed mass recycling. Units are 
arbitrary and represent mass transport. 

This is to a substantial degree accomplished by expansion 
warming of downdraft circulations. A number of models are now 
producing this effect and 

5) balance hurricane circulation against radiational cooling. 

Thus, the hurricane's transverse circulation is not just an "in-up-out" 
circulation but rather an in-up-out circulation with a great deal of 
extra superimposed vertical mass circulation. It is rather an "in-down- 
up, down-up, down-up, out"circulation. 

Convection Induced Temperature C hange in the Vertical . Nearly all 
tropical cloud cluster systems develop 500-200 mb positive temperature 
anomaly and small negative temperature anomalies at 900 to 500 mb and 
200-100 mb levels. These temperature anomalies are a consequence of 
the large amounts of upward-and-downward vertical mass recycling which is 
occurring in the tropical weather system and the consequent buoyancy 
requirements to maintain such vertical mass recycling. Downdraft 
evaporation leads to cooling at lower levels and overshoot Cb tops lead 








M 

to cool'ng abr. .’Ob' . ” < • • j 11 >.f v'oriir. b! mot; (w 1 ) with 

- . -ire anomaly ' is sue h that significant upvar J-and -downward 
•-T.i• • l of rensible ■ emp*-: ature (w'T’ ) results. 'Hie vertical gradient 
.1 t transport (- : T • < and the resulting temperature changes 

. pica] iistui ar.ee i... :..ulus convection directly induce upon the 
cc is thus or. of ner fa :e~50G mb coaling, nOO-dOO ab warming, 
.’f.’J-iOO mb cooling. •• w s ich temperature changes occur is idealized 

• ~ "ig - 1 • 

A continuation nr./ progressive accumulation of such convectively 
r_ucec sensible temp, ature changes (as shown is the left diagram of 

id) can never by itself bring about the observed low level tempera- 

- re gains and progressive icc level wind maximum increases which occur 

- -r. tropical cyclone gone:.is and intensification. The progressive 
.•cter level positive temperature anomaly going from 1 to 3 and low 
level negative temperature anomaly of convectively induced temperature 

nange lead to middle level wind maxima and only weak surface winds (as 
the left diagram of Fig. i > indicates). Such wind regimes are not con¬ 
ducive to low level f ri ct ior.al ly driven inflow and vortex spin-up and 
lower tropospheric positive temperature anomaly will not occur. 

There must be other physical processes operating within the tro¬ 
pical disturbance which act to oppose these convectively induced tempera¬ 
ture changes and vertically redistribute the temperature anomalies. 

These other physical processes are indicated by the center diagrams of 
Figs. 12 and 13. 

It is hypothesized that the vertical momentum rearrangement by 
cumulus convection and its associated mass recycling can act as a 
"aechanism to oppose and redistribute cumulus heating in the vertical 
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Fig. 11. Vertical cross-section portrayal of the typical up-and- 

downdraft vertical motion occurring in the usual strong tro¬ 
pical cloud cluster (diagram a) and the needed temperature 
anomaly (diagram b) within such vertical up-and-downdraft 
motion for buoyancy. The resulting w'T' correlations (dia¬ 
grams c and d) within the up-and-downdrafts which lead to a 
lower tropospheric cooling and upper tropospheric warming are 
shown in diagrams (e) and (f). 
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(a) 


(b) (c) 


CUMULUS INDUCED 
DIRECT TEMP 
CHANGE 


TEMPERATURE CHANGE NET CUMULUS 
FROM CUMULUS INDUCED TEMP 
REARRANGMENT CHANGE 



TEMPERATURE DEVIATION 


Fig. 12. Idealized portrayal of the vertical x-section of progressive 
temperature anomaly (T') with time to be expected for direct 
cumulus warming (diagram a) and the needed progressive 
temperature anomaly which is required from cumulus rearrange¬ 
ment of horizontal momentum (diagram b) such that the net 
temperature anomaly pattern at the right (required for cyclone 
development) can result. 

to bring about the required surface to 500 mb positive temperature 
anomaly. This is indicated by the right diagram of Fig. 13. But 
such m omen tum rear rangeme nt influences will occur only in 
proportion to the disturbance's already existing 2-8 ° radius surrounding 
vertica l wi nd shear . If such vertical wind shears are large, as occurs 
when the lower (900 mb) minus upper level (200 mb) tangential wind 
differences are large, then the influence of cumulus horizontal momentum 
rearrangement influences will be large. The progressive vertical tem¬ 
perature and tangential wind profiles - indicated in the right diagram 
of Figs. 12 and 13 (which are required for cyclone development) can 
then result. If such vertical wind shears are small, as is normally the 
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PROGRESSIVE ALTERATIONS OF 
TANGENTIAL WIND 

FROM CUMULUS FROM CUMULUS 
DIRECT TEMR MOMENTUM 

CHANGE REARRANGEMENT 




neg. 0 pos. neg. 0 pos. 

V* V B 


NET INFLUENCE 



neg. 0 pos 


Fig. 13. Ideali 2 ed portrayal of the vertical x-section of progressive 
tangential wind (Vg) variation with time to be expected for 
wind-pressure balance associated with the progressive tempera¬ 
ture anomalies of Fig. 12. Low level cooling leads to max¬ 
imum winds at middle levels (diagram on left), progressive 
cumulus momentum rearrangement leads to the Vg profile of the 
middle diagram, and the net influence of both to the profile 
on the right - that needed for cyclone development. 


case with most tropical disturbances, then the vertical recycling momen¬ 
tum rearrangement influences will be too small to offset the direct 
convective condensation temperature changes and lower tropospheric posi¬ 
tive temperature anomaly will not occur. Nunez (1981.) has solved for 
this type of momentum rearrangement by cumulus. An idealized model of 
such horizontal wind changes is portrayed in Fig. l-». 

The direct association of strong surrounding disturbance vertical 
wind shear and tropical cyclone genesis thus appears to be linked through 
the feed-back mechanism of the convectively induced vertical momentum 


rearrangement. 











18 



Fig. 14. Idealized portrayal of how horizontal momentum rearrangement 
within Cb cloud lines may act to bring about a change in the 
tangential wind (V^) from the solid to the dashed line. This 
alteration increases the wind shear in the 900-500 mb layer 
but decreases the wind shear at layers above 500 mb. 

2.2 Tropical Disturbance Energy Budget 

Moist-static (or total) energy (h) can increase or decrease in the 
tropical pre-cycJone disturbance through transfer from the sea by latent 
and sensible exchange (E ), by radiation (R) , or through horizontal trans¬ 
ports on the boundaries (7* Vh). This energy balance may be expressed 
as: 

« <E o + R) - (V- Vh) (1) 

where h = gz + C^T + Lq. 

Each term has been integrated through the depth of the troposphere. 
Calculations of the V* 'Vh term and estimates of R for western ocean 
tropical systems indicate that there is horizonta’ advection of energy 
out of these systems (7* Vh is positive) and + R is positive. 

Western ocean summertime sea surface energy flux is usually larger 
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than tropospheric radiational cooling. Steady state conditions 
(3h/9t = 0) are accomplished only through a higher radial export of 
energy in the upper level outflow than that imported at lower levels. 
An idealized h-budget for the summertime pre-cyclone disturbance 
(diagram a) and the hurricane (diagram b) is shown in Fig. 15. 



CLUSTER 



Fig, 15. Schematic representation of the typical h budget within 4° 
radius of the steady-state cloud cluster, (a), and of the 
steady-state hurricane, (b), Units are arbitrary. R = net 
tropospheric radiation, E 0 = surface energy flux, and h is 
moist-static energy. 


It is seen that the usual vertical circulation through the organ¬ 
ized tropical weather system or cyclone typically produce an energy 
depletion of the system. The tropical system maintains itself only 


through energy received from the ocean. 

Cumulus parameterization schemes which show energy accumulation 


depending on the magnitude of the mean upward circulation alone are not 
valid. Energy received from the low-level inflow goes to enhance deep 
Cb convection. These Cb clouds rise to great heights and induce out¬ 


flow at levels (V12-14 km) where h is larger than that of the inflow 
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air. Therefore, the transverse circulation of the tropica] disturbance 
and cyclone is typically acting to decrease the energy of the system as 
Fig. 16 shows. 

Thus, the paradox of the hurricane's radial circulation. The in- 
up-out mean radial circulation needed in a mechanical sense to spin-up 
the vortex also acts in an opposite sense to export net energy from 
the vortex and weaken it. This paradox has also been noted and dis¬ 
cussed by Pearce (1981). Hurricane development and maintenance from 
the energy point of view requires that the storm's surface energy flux 
(E q ) be as large as the energy loss of the storm through its radial 
circulation and radiational loss. Thus, the temperature change in the 
tropical cyclone may be represented as: 


= - ty-7T + Z^ 11 Ver tical ) + R 
dt \Motion Processes/ 


- \y*VT is horizontal advection which is very small and can be neglected. 
R is radiation. This equation may also be written as: 


31 ' ^TOl’AL ( ' d ' a' ^ R 


where Q T0TAL represents the diabatic energy gains to the system, (a is 
vertical p-velocity, and 7^ and f a are the dry and actual lapse rates. 

^TOTAL be transformed as: 
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Fig. 16. Moist-static energy (h) curve of western ocean tropical 

weather systems and how the storm outflow occurs at a higher 
value of h than the inflow. 



-V • Vq E o 

where Q and Q_„ are the diabatic energv sources from the mean radial 
m Ku 

circulation and the up-moist and down-dry vertical mass recycling (RC)cir- 

culation. This diabatic energy source comes from net condensation (c) 

minus evaporation (e) energy release or L(c-e> m and L(c-e) R( .. L(c-e) 

and L(c-e) can be equated with mean inward horizontal moisture ad- 
RL 

vection and surface energy flux, respectively. 


A 










A 
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Equation (3) then reduces to: 

= E +[—V•'Vq + 0 ) (F -F )] + R (4) 

O L O Q 3 

(a) (b) (c) 

Terms (b) and (c) are negative. Temperature increase can occur only 
if: 

E q > [- T -\Vq + ^(F d - r a )J + R (5) 

As radiation does not vary much in time, hurricane development requires 
that the rate of change of v*fyh or radial circulation be no larger than 
the rate of change of surface energy flux or 

3E /9t > 37»Vh/3t. 

o - 

Systems which do not extract enough energy from the ocean must 
weaken. The rapidlv weakening of cyclones as they come ashore and lose 
most of their surface energy source Is well known. 

What processes act to enhance the extraction of energy from the 
ocean? The most important process is vertical mass recycling. The 
more the storm's boundary layer can be ventilated from above by down- 
draft air which is dryer, stronger in velocity, and colder than the 
average boundary layer air the larger will be the surface to air energy 
flux. The larger the mean mass circulation through the storm system, 
the larger will be its momentum spin-up and intensity increase. 

Boundary layer energy flux is especially favored with Cb line and squall 
convection typical of outer rainband cloudiness (as in Fig. 17). Such 
cloudiness requires the existence of large upper tropospheric vertical wind 
shear. Rainband air penetrates the storm's boundary layer at high wind 
speeds and low moisture contents. Wind velocities (V ) and ocean-air 
moisture differences (q -q) at 10m are substantially raised. 


This 
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results in an exponential increase in the bulk aerodynamic formula for 
evaporation [E = p C V q (q^ - q)]. Figure 18 shows how line convective 
downdraft action can enhance boundary layer winds and drying. Such 
squall-line convection which brings about a larger than normal extraction 
of energy from the ocean is denendent upon favorable tropospheric verti¬ 
cal wind shears between 900 mb and 200 mb. It is interesting to note 
that cloud clusters which develop into tropical storms typically have 
substantially larger 900 to 200 mb vertical wind shears at radii of 2-8° 
than cloud clusters which do not develop into cyclones. Without sizable 
up-and-downdraft vertical mass recycling, a tropical weather system's 
boundary layer is typically not ventilated enough to permit sufficient 
energy extraction for maintenance of the storm's energy depleting radial 
circulation. 

The very crucial role of the boundary layer in providing enough 
energy flux to maintain the storm's radial circulation has not, in 
general, been fully appreciated! 

The type of cyclone development, the author envisages, is portrayed 

in Fig. 19. Required prerequisite genesis conditions arc given at the 
top. These include strong vertical wind shear around the cluster which 
allow Cb rainbands to form and enhance surface to air energy flux, such 
that the condition of the right is always valid (E V* Vh - R ). If 
this is accomplished, then the spin-up portrayal in loop C can recycle 
many times and cause momentum spin-un and development of the system. 

2.3 Evidence for Outer Radii Convection, Cloud Lines, and Cumulus 

Rearrangement of Horizontal Momentum 

Satellite pictures of pre-cyclone disturbances often reveal signi¬ 
ficant amounts of line convection at outer radii as indicated in Fig. 20. 
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Fig. 19. Idealized portrayal of how hurricane development can occur 

from the mean radial in-up-out circulation (left loop C) pro¬ 
vided favorable initial conditions are present and sea to air 
energy exchange E 0 remains greater than h-budget and radia¬ 
tion energy loss as indicated on the right portion of the 
figure. 


Figures 21-23 portray radar picture composites of the convective 
patterns of three west Atlantic tropical systems of different intensity. 
Note how the convection, much of it of Cb intensity, tends to organize 
itself into cloud lines. These cloud lines tend to arrange themselves 
parallel with the tropospheric vertical wind shear and produce, through 
their downdraft action, an enhancement of boundary layer ventilation and 
energy extraction from the ocean. 

Figure 24 gives a composite of the vertical zonal profiles before 
and after the passage of 4 line type convective storms which passed 
through Venezuela during the summer of 1972. Note how the convective 
storms tended to increase the low level (surface-700 mb) zonal wind 
but decrease the wind above 700 mb. These wind differences are very 
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DMSP satellite visual (left) and infrared, shading reversed 
(right) of three western North Pacific pre-tvphoon cloud 
clusters in early stage development. Maximum sustained winds 
are less than 10 m/s. The circle indicates where the center of 
the forming circulation is. Note the surrounding outer cloud 
bands (from Arnold, 1977). 









CLOUD RADAR COMPOSITE 
14 AUG. 1961 (1340-2300 GMT) 
FLIGHT ALTITUDE 1.700 FT 



Fig. 21. Radar composite of cumulus rain echoes in an easterly wave 
that did not quite develop into a tropical cyclone (August 
14, 1961). Note the tendency for the rain areas to arrange 
themselves in lines. 


analogous in level and magnitude to our residual calculations on the 
influence of convective rearrangement of horizontal momentum in our 
composite data sets previously discussed. 

It is important that one distinguish between the tropical cyclone 
outer radii squall or convection cloud line and the typical middle 
latitude severe weather squall line. The tropical cyclone squall line 


is typically oriented parallel with the vertical wind shear vector 









28 


CLOUD RADAR COMPOSITE . i 

6 SEPT . 1961 (1640-2240 GMT) ( / 

FLIGHT ALTITUDE 3240 FT «. m 



SCALE 

(NAUTICAL MILES) 


9 0* W 8j0° W 

Fig. 22. Radar composite of cumulus rain echoes for September 6, 1961. 

Maximum sustained surface winds and minimum sea-level pressure 
at this time are 50 knots and 1000 mb respectively. The x 
marks the center of the system. 



Fig. 23. Radar composite surrounding Daisy on 25 August 1958 when it was 
located off the Florida coast and just reaching hurricane inten¬ 
sity. Maximum sustained surface wind and minimum sea-level 
pressure are about 70 knots and 990 mb respectively. 
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Fig. 24. Mean tropospheric profiles of zonal (U) and meridional (V) 

wind components before (solid) and after (dashed) the passage 
of traveling line type convective storms over the rawinsonde 
site in Venezuela. This average includes 4 cases (from Betts 
et al., 1976). $ e values (also shown) indicate how often 
squall line air has lower values. 


while the typical middle latitude squall line tends to arrange itself 
more perpendicular to the vertical shear vector (see Fig. 25). This 
is likely a consequence of the quite different vertical shear profiles 
in which these two types of squall lines exist - see Fig. 26. The 
tropical cyclone squall line downdraft acts to increase the low level 
wind in the direction in which the wind is already blowing, while 
the opposite occurs with the downdraft from the middle latitude squall 
line. Many other differences exist. One must be clear to differentiate 







PRESSURE (10 mb) 


Portrayal of how the usual US Great Plain squall line is 
oriented perpendicular to the 950 to 200 mb vertical wind 
shear vector (left diagram) while the usual tropical cvclone 
outer radii squall or convective line is typically oriented 
parallel to the low to upper level vertical wind shear vector 
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WIND VELOCITY 
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Portrayal of the typical difference in the vertical profiles 
of wind velocity convection for the usual severe (SEW) 
weather (WX.) event in the middle latitudes vs. the usual 
tropical cyclone outer radii squall convection. Not how 
different these two profiles are. 
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between these two distinct squall line classes. Nevertheless, both squall 
line types act to increase the surface wind and dry the boundary layer. 

Summary . Much observational information is available to support 
the existence of greater amounts of line type convection around the 
pre-hurricane disturbance than the non-developing disturbances. V. 

Dvorak (private communication) has often stated that cyclone development 
tip-off occurs with the beginning formation of curving outer cloud 
lines. Observational evidence is also available attesting to the likely 
influence of line convections on vertical rearrangement of horizontal 
momentum in the sense of increasing lower and upper tropospheric 
cyclonic momentum and decreasing middle level cyclonic momentum. 


2.4 Discussion 

To properly understand the physical processes which cause tropical 
cyclone development one must also have a grasp of the physical processes 
which normally inhibit such development. The pre-typhoon cloud cluster 
is distinguished from the prominent non-developing cloud cluster primarily 
by its surrounding 2 to 8° radius 900 to 200 mb vertical wind shear pat¬ 
terns. These differences appear to be established by the large-scale 
flow processes within the tropical atmosphere and are not (at least 
initially) a result of the disturbance itself. Once a tropical cloud 
cluster possesses a 0-3° radius mean vertical motion at 300 mb of 100 mb/d 
or greater, vertical motion is not a distinguishing feature of cyclone 
development. Moisture, vertical stability, surface wind speed, and other 
parameters also do not show significant distinguishing differences. 

It is hypothesized that the role of the surrounding cloud cluster 


900-200 mb tropospheric vertical wind shears is that of causing the 
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disturbance's surrounding cumulus convective elements to aline themselves 
more in squall-type cloud lines. These cloud lines produce stronger 
and drier downdrafts than would otherwise occur without such line orien¬ 
tation. Such strong downdraft action produces an extra ventilation 
of the tropical boundary layer and greater energy flux from the ocean. 
This allows the tropical cloud clusters' energy depleting mean trans¬ 
verse circulation to be sustained and/or increased. Without such extra 
surface energy flux, the cluster's transverse circulation would export 
more energy than it inputs and die. It is observed that the majority 
of tropical cloud clusters which do not have such surrounding line con¬ 
vection have lifetimes of a day or less. 

The enhanced vertical mass recycling in the ore-typhoon's 
surrounding 900 to 200 mb vertical wind shear fields also act to rearrange 
horizontal momentum in the vertical and allow the disturbance's lower 
troposphere to be warmed against the usual tendency of tropical convec¬ 
tion to cool the lower tioposphere. Lower tropospheric warming results 
from an adjustment of the disturbance's mass field to convective enhanced 
vertical wind shear. It is hypothesized that such lower tropospheric 
warming would not occur without the special rearrangement of horizontal 
momentum by the convective cloud lines which are themselves dependent 
upon the special arrangement of the disturbance’s surrounding tropospheric 
vertical wind shear patterns. Thus, the physical link between the dis¬ 
turbance's 2-8° radius vertical wind shears and cyclone development 
potential is one of extra cloud line generation and consequent enhance¬ 
ment of surface energy flux and vertical momentum rearrangement. 
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3. DIURNAL VARIABILITY OF THE DEVELOPED TROPICAL CYCLONE 

Notable diurnal differences in the divergence profiles of tropical 
oceanic cloud clusters have been reported in a number of studies 
(Ruprecht and Gray, 1976a, b; Gray and Jacobson, 1977; McBride and 
Gray, 1978). Both Atlantic and Pacific cloud clusters have been observed 
to have nearly twice as much upward vertical motion in the late morning 
hours as in the early evening. This phenomenon has been attributed to 
radiational forcing differences between the cloud cluster and the cloud 
free environment which modulates the low level inflow and upper level 
outflow (Gray and Jacobson, 1977; Fingerhut, 1980). We have also in¬ 
vestigated the extent to which this diurnal radiational forcing mechan¬ 
ism is operating in the developed tropical storm. 

3.1 Rainfall 

The hurricane and the typhoon have similar cloud patterns as the 
tropical cloud cluster and are thus subject to similar radiational 
forcing mechanisms. However, the tropical cyclone's more enhanced 
dynamics and energetics make its diurnal response less detectable. 

Frank (1977a) was able to find only a small diurnal variation in typhoon 
precipitation by analyzing twenty-one years of hourly rainfall data 
from nine island stations in the west Pacific. Figure 27 illustrates the 
diurnal variations of total rainfall during heavy and light rain episodes 
for these 9 Pacific islands. Heavy rain episodes were defined as those 
having a rainfall rate ^0.2 inches per hour. As was the case for the 
cloud clusters a morning maximum from about 1000 to 1200 local time (LT) 
was detected in the heavy rain events. A minimum is discernible at 
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LOCAL TIME 


Fig. 27. Diurnal variations of total rainfall during heavier rain 
episodes (_> 0.2 in/hr) and during light rain episodes 
(< 0.2 in/hr) for 9 Pacific islands (from Frank, 1977a). 
Units: inches. 


about 1800 LT. This morning maximum - evening minimum, although much 
smaller in percentage difference, agrees well with the results reported 
by Ruprecht and Gray (1974) and Gray and Jacobson (1977) where signi¬ 
ficantly greater amounts of strong precipitation was found for Pacific 
cloud clusters at 00Z (% 10 LT) than at 12Z ('V 22 LT). The diurnal 
variation of heavy rainfall variability is substantially smaller for the 
very intense systems than for the weaker cloud cluster systems. It is 
evident that the diurnal rainfall variability is due almost exclusively 
to the modulation of the heavy rainfall events. No variation in the 
light rain episodes can be observed. 

3.2 Radial Winds and Vertical Motion 

A similar rainfall data set was not available for the hurricane 
data set. On the other hand, a diurnal variation in the radial wind 
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profile is slightly more evident of a diurnal cyclone for the hurricane 
than for the typhoon, although the differences are small. Figures 28 to 
30 show the radial wind profiles at 00Z and 12Z for the hurricane data set. 
The 12Z 07LT) radial mass flux at 2° radius has a greater magnitude than 

the 00Z 19LT) one. The average value of the radial wind over the 

inflow layer at 2° radius is -1.7 m s~^ at 12Z (% 07 LT) vs. -1.3 m s~^ 
at 00Z (<v 19 LT), corresponding to divergence values of -1,5 x 10" 6 s T ' 1 
and -1.1 x 10~ 6 s _1 respectively. Convergence is about 30% greater at 
12Z (m 19 LT). For the outflow layer the average 12Z (<v 19 LT) wind 
is 2.1 m s' 1 against 1.5 m s~ ! at 00Z at 2° radius. The 12Z divergence 
is about 40% greater than the 00Z ('v 19 LT) value. 

At 4° radius, the 07 LT and 19 LT radial winds have approximately 
equal magnitude implying a very small diurnal range. The hurricane’s 
cloud free region is located at approximately 6° radius. The 07 LT radial 
wind at 6° has somewhat greater magnitude at lower levels, the 19 LT 
profile shows convergence over a deeper layer. 

These radial wind results are also borne out by the mean vertical 
motion calculations for the 0-2°, 0-4°, and 0-6° radius areas which 
are presented in Figs. 31 to 33. The 12Z ( r ^ 07 LT) maximum vertical 
motion inside 2° is -630 mb d 1 vs. -480 mb d 1 for the 00Z 19 LT) - 

a 30% difference. Inside 4 and 6° radius the maximum vertical motion 
for the two time periods is similar, although the values are invariably 
higher for the 12Z ( , v 07 LT) soundings at all levels below 300 mb. 

Satellite pictures frequently show an increased afternoon cirrus 
shield for these tropical storms by as much as 100% over early morning 
cloudiness (Browner, Woodley and Griffith, 1977). V. Dvorak (personal 
communication) has also reported similar large early morning to late 
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Fig. 28. 


12Z ("v 0700 LT) and 00Z (“v 1900 LT) radial wind profiles for 
the steady state hurricane (ADA) data set at 2 radius. 

(from Nunez. 1 Q 81) 




Fig. 29. Same as in Fig. 28 but 
for the A radius. 

(from Nunez, 1981) 


Fig. 30. Same as in Fig. 28 but 
for the 6 radius. 

(from Nunez, 1981) 
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afternoon diurnal cloud variations. l'hese large diurnal cirius cloudi¬ 
ness variations are not viewed as a contradiction of these results which 

show little diurnal vertical motion differences. These large changes 
in cirrus shield cloudiness do not necessarily have to be attributed onlv 
to the change in the moan circulation through the storn. Most likelv, 
a substantial amount of the extra cirrus in the afternoon, is a result of 
direct cloudiness generation by the absorption of solar radiation in the 
upper storm levels and bv a small undetectable upward vertical motion 
response to wipe away such solar warming. Upper level vertical motion 
would consequently be further enhanced and more cirrus would be produced. 
Another part of the extra afternoon cirrus cloudiness could be the re¬ 
sult of enhanced morning Cb activity near the eyevall. This cirrus, 
however, would need 8 to 10 hours to propagate outwards towards the 
cloud free region. This would lie detected as increased cloudiness in 
visible satellite pictures. 

3.3 Tangential Winds 

Can this small pulsation in the convergence and divergence fields 
of tile hurricane-tvphoon be found in the tangential wind? Figure 3d 
shows the typhoon and hurricane's tangential wind profiles for the 2 1 ", 4° 
and 6° radius at 00Z and 12Z. It is clear that there is no significant 
difference through all the troposphere between the tangential winds at 
the two time periods. The diurnal variation in these intense storms had 
gone previously undetected since it only manifests itself on the radial 
wind component, a parameter which is noted for its unreliability on an 
individual case basis. The tangential wind, which is substantially 
easier to measure, remains (in the statistical average) practically 
unaffected by the diurnal cycle in the convergence fields. 
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The lack of response by ’he tangential winds to changes in the 
convergence field could be explained in two different ways. A possible 
explanation may be that the adjustment time of the wind field to the 
mass field is well over 12 hours. This explanation assumes that the 
wind field adjusts to the mass field, a process which does not occur 
in the tropics. An alternate explanation exists which agrees better 
with the results of the present study and those of recent theoretical 
work by Silva Dias and Schubert (1979). No diurnal variability in the 
tangential wind fields should be expected because in the tropics the 
rotational part of the wind does not adjust to changes in the mass tlow 
field. Quite the opposite takes place, it is the mass flow field which 
adjusts to changes in the rotational part of the wind field. An in¬ 
creased convergence and subsequently enhanced latent heat release 
within the disturbance will not suffice to appreciably increase the 
tangential winds if frictional acceleration and other processes act to 
oppose such tangential wind changes. 

Summary. Hurricanes and typhoons possess a diurnal variability in 
convergence and heavy rainfall which is of the same phase, although 
much smaller in magnitude than the tropical cloud cluster. Day vs. 
night differences in radiational forcing between the cloud covered and 
cloud free areas seem to be the most likely explanation for this pheno¬ 
menon. The tangential wind fields do not exhibit significant diurnal 
variability however. 

The major hurricane-typhoon diurnal variations occur in total area 
of satellite observed cirrus cloudiness which can vary as much as 50-100% 
with a early morning minimum and an afternoon maximum. 
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4. TROPICAL CYCLONE INTENSITY CHANCE 
By 

Edwin Nunez and William M. Cray 

Except for the obvious cases of tropical cyclones moving over land, 
cold water, or into the westerly wind belt, the general ability to fore¬ 
cast 24-hour cyclone intensity change is quite low. Yet, it is to be 
expected that a sizeable fraction of the future 24 hour intensity change 
occurring in the inner-core region of the tropical cyclone be related 
in some way to the 5-10° radius surrounding storm parameters. But just 
what are such parameter relationships? 

In order to study the surrounding condition differences between tro¬ 
pical storms undergoing intensity change we have stratified our compo¬ 
sited tropical cyclone data sets into deepening and filling cases, and 
made compar isons between those cases. V . Nunez (1<>811 of our CSl’ 
group has recently complete<i a researci) report on this subject. The 
following sections summarize some of Nunez's findings. 

The information to follow, of course, will not deal with the rapid 
up-and-down short term. (1-6 hour) changes in cyclone intensitv w'hich are 
likely related to smaller scale inner storm and eye-convection varia¬ 
tions not well, associated with the large scale storm features. Short 
term interval synchronous satellite picture information likely provides 
the best clue to such small time-scale changes in cyclone intensity. 

This subject is being actively pursued by research groups of the US 
National Aeronautics and Space Administration (NASA) and the National 
Oceanic and Atmospheric Administration (NOAA) and results have vet to be 
fulIv synthesized. 


.d 
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4.1 Contrasting of Filling and Deepening Systems 

Various classes of tropical storms and disturbances occurring in 
the northwest Pacific and west Atlantic have been studied. The Pacific 
data sets include rawinsondes for the years 1961-1970 and the Atlantic 
data sets include the 1961-1974 period. 

Mich of the data sets are identif i.-d by a code consisting of letters 
and numbers which describes some o: its basic features. As in the pre¬ 
vious chapters the first character in the code will be a letter - either 
A or P - indicating whether it is a composite of western Atlantic or 
western Pacific Ocean systems. The second character will denote if the 
composite disturbance develops into a hurricane or tvphoon at some stage 
of its life cycle - D - or if it does not develop - N'. A number is the 
third code character and it indicates the intensity of the set. These 
numbers correspond Co the following stages of development: 

L - Cloud cluster 

2 - Tropical depression 

3 - Tropical storm 

4 - Typhoon or Hurricane 

5 - Very intense Tvphoon or Hurricane (central 

pressure •_ 930 mbl 

The code contains one last character - a letter - enclosed within paren¬ 
thesis. This indicates whether the data set has a tendency towards deep¬ 
ening (D) or filling (F), i.e., if its central surface pressure decreases 
or its maximum winds increase or decrease within the next 24 hours. 

These data sets were created with the main intent of contrasting them 
against each other. 

Table 2 contains a list of the intensity change data sets which 
will be discussed. We will compare surrounding cyclone parameter dif¬ 
ferences between these contrasting data sets. 











43 


TABLE 2 

Northwest Pacific and west Atlantic data sets used to investigate tro¬ 
pical cyclone intensity change. 

Intensifying Systems 

PD3(D) Deepening Pacific 
Tropical Cyclone 

PD4(D) Deepening Typhoon 

AD4(D) Deepening Hurricane 

4.2 Comparison of Mixing Ratio 

Mixing ratio anomalies (Aq) for deepening PD4(D) and filling PD4(F) 
typhoons and deepening PD3(D) and filling PN5(F) tropical cyclones are seen 
in Figs. 35 and 36. They were obtained by calculating the difference 
between the average mixing ratio inside 3° radius (q^ ^o) and the average 
mixing ratio from 3 to 7° radius to the east and west of the storm. 

That is, Aq = ~ <lp W 3 - 7 °* Maximum anomalies are observed for all 

sets between 700 and 750 mb. These figures indicate that there is onlv 
a small correlation between the tendency of the system to intensify or 
weaken and the available moisture at outer radii. Assuming the inner 
cyclone moisture is much the same, then these differences reflect about 
a one gm/kg increase in outer radius moisture for the intensifying 
as compared to the filling systems. Such outer radii moisture differ¬ 
ences are likely related to the tendency for intensifying systems to 
have more outer radii deep convection, particularly on their poleward 


Filling Systems 

PN3(F) Filling Pacific Tropical 
Cyclone 

PD4(F) Filling Pacific Typhoon 

PD5 Supertyphoon (P < 950 mb) - 
begins to fill in the next 24 
hours. 


sides. 
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Fig. 35. Mixing ratio anomaly (Aq) profile for the deepening typhoon 
PD4(D) and filling typhoon PD4(F) data sets. The moisture 
anomaly was calculated by obtaining the average mixing ratio 
inside 3 radius (qQ- 3 °) and subtracting from it the average 
mixing ratio from 3° to 7 radius to the east and west of the 
storm (q^ 3 _ 7 o), i.e., Aq = q 0 _ 3 ° - q^ 3 _ 7 °- ( f rom Nunez, 1981) 



Fig. 36. Same as Fig. 35 but for the Pacific deepening tropical 
cyclone PD3(D) and the Pacific filling tropical cyclone 
PN3(F) data sets, (from Nunez, 1981) 
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4.3 Horizontal Temperature Gradients 

In order to obtain knowledge of the relationships of cyclone inten¬ 
sity change to the tropical cyclone's upper level warm center, plan views 
of the temperature field at 300 mb have been constructed. Figures 37 
to 40 show plan views of the temperature deviation from -29°C at 300 mb 
for the deepening and filling typhoon and the deepening and weakening Pacific 
tropical cyclone. The temperature deviation from -32°C for the deepening 
hurricane appears in Fig. 41 and the deviation from -31°C for the super¬ 
typhoon (typhoons central pressure < 950 mb) is presented in Fig. 42. 

It is assumed that the future intensity of the super-typhoon is one of 
filling because the pressure is already about as low as it will be. 

The temperature field on the northern side of these composites shows 
significant differences between disturbances which are gaining strength 
and those which are losing it. 

Table 3 gives the temperature gradient from 2 to 14° radius on the 

northern side of the data sets under consideration. The northwestern 
side of the storm is represented by octant 2 and the north and north¬ 
eastern sides by octants 1 and 8, respectively. Since the PD5 data set 
is biased toward the filling tendency due to its already developed 
extreme strength, we have included it among the filling data sets. It 
can be appreciated from Table 3 that the largest contrast between the 
filling and deepening sets appears on the northwestern side of the 











Fig* 37. Plan view of the temper- Fig. 33 . Same as Fig. 37 hut for 
ature deviation from the Pacific filling 

-29°C at the 300 mb level typhoon PD4(F) data set. 

for the Pacific deepening (from Nunez, 1981) 

typhoon PD4(D) data set. 

Units: °C. (from Nunez. 

1981). 


T-(-29°C) 

PD3(0) 



Fig. 39. Same as Fig. 37 but for Fig. 40 . Same as Fig. 37 but for 
the Pacific deepening the Pacific filling 

tropical cyclone P03(D) tropical cvclone PN3(F'> 

data set. data set. 

(from Nunez, 1981) (from Nunez, 1981) 
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AD4(D) 
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Fig. 41. Plan view of the temperature deviation from -32 C at the 

300 mb level in NAT coordinates for the Atlantic deepening 


hurricane AD4(D) data set. Units: 


(from Nunez, 1981) 


T-(-3< °C) 

PD 5 
300 mb 



Fig. 92. Plan view of the temperature deviation from -31°C at the 

300 mb level in NAT coordinates for the Pacific supertyphoon 
PD5 data set. Units: °C. (from Nunez, 1981') 
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TABLE 3 

300 mb temperature gradient from 2 to 14° radius on the northern side 
of the following data sets: deepening typhoon PD4(D), filling typhoon 
PD4(F), deepening tropical cyclone PD3(D), filling tropical cyclone 
PN3(F), deepening hurricane AD4(D) and supertyphoon PD5. Octants 2, 1 
and 8 represent the NW, N and NE side of the storm. Data set PD5 was 
included among the filling sets due to its bias toward weakening storms 
(see text for explanation). (from Nunez, 1981) 


Deepening 

Data Sets 

NW(Octant 2) 

PD4(D) 

-1.4 

PD3 (D) 

-1.0 

AD4(D) 

-4.5 

Average 

-2,3 


Filling 

Data Sets 


PD4(F) 

-8.6 

PN3(F) 

-3.6 

PD5 

-7.1 

Average 

-6.4 

Ave. Deep./ 

Ave. Fill. 

36% 

Ave. PD4(D)/ 

Ave. PD4(F) 

16% 

Ave. PD3(D)/ 

Ave. PN3(F) 

28% 


AT = T 14 o - T 2 o ( K) 




Average 
(Octants 
2, 1 

N(0ctant 1) 

NE(0ctant 8) 

and 8) 

-3.4 

-3.4 

-2.7 

-1.1 

-2.1 

-1.4 

-5.1 

-3.3 

-4.3 

-3.2 

-2.9 

-2.8 


-7.1 

-5.9 

-7.2 

-4.0 

-3.9 

-3.8 

-6.4 

-4.8 

-6.1 

-5.8 

-4.9 

-5.7 

55% 

59% 

49" 

48% 

58% 

38% 

28% 

54% 

37% 
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storm. On the average the deepening disturbances have but 36% of the 
temperature gradient exhibited by the filling ones. The northern and 
northeastern octants display 55% and 59% respectively. When octants 
8, 1 and 2 are averaged together we see that the northern quadrant of 
the deepening storms has only half of the temperature gradient (49%) of 
the filling storms. We can also compare individual data sets against 
each other. The deepening typhoon exhibits 16%, 48% and 58% of the 
filling typhoon's temperature gradient on the NW, N and NE octants, 
respectively. Their average is 38%. Similarly, if we compare the 
deepening tropical cyclone PD3(D) against the filling tropical cyclone 
PN3(F) we obtain 28%, 28% and 54% for the NW, N and NE octants. The 
average is 37%. 

Differences in the latitudinal positions of these data sets cannot 
account for the temperature differences on the northern side. For 
example, the PD4(D) set is located at about latitude 19°N and the 
PD4(F) set at about 23°N. Only 4 degrees of latitude separate them. 

A difference of just 3° latitude exists between sets PD3(D) and PN3(F), 
their respective positions being 17°N and 20°N. Large gradients can 
only be explained by the penetration on the northwestern side of a 
trough or strong westerly winds and their concomitant cold air. Conse¬ 
quently, the presence of a strong baroclinic region near the storm is 
conducive to weakening. For the deepening systems these temperature 
gradients are significantly smaller. 

4.4 Heights and Height Gradients 

Further evidence for the presence of stronger westerly winds to 
the northwest of the filling systems can be detected by examining the 
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height fielis. Figures 43 to 48 depict the height fields at the '300 mb 
level around the PD4(D), P04(F), PD'3(D). PN3(F), AD4(D; and PD5 data 
sets. A comparison of the deepening typhoon (Fig. 43) and the filling 
typhoon (Fig. 44) shows for the deepening case the existence of right 
height gradients o.i its northwestern side beyond 10° radius; with the 
1'iil.ing case the packed height gradients penetrate almost to the storm 
center. In the case of the deepening and filling tropical cyclone (Fig. 
45 and 46) the strong height gradient is only present in the filling 
set. The AD4(D) dat i set likely exhibits stronger height gradients 
due to the presence of the North American continent and its associated 
enhanced baroclinicitv. Table 4 summarizes the differences in height 
between the deepening and filling sets Iron 2° to 14 1 " radius. Height 
gradients are e'ther positive or very small on the northeastern octant; 
they were not utilized in the computation of ihe averages and in the corn- 
par i sons. 

Substantial differences in the height gradients between the deep¬ 
ening and filling data sets can be discerned, especially or. the north¬ 
western octant. In that octant, the deepening sets possess merely 422 
of the filling sets' height gradient. When the north and northwest 
octants are averaged together the deepening sets show only 54% of the 
filling's height gradient. When individual sets are compared we see 
that the deepening typhoons have to the north and northwest just 60% of 
the height gradient observed for the filling typhoons. The difference 
is even more noticeable for the tropical cyclones. Only 20% of the 
height difference between 2° and 14° shown by the filling cyclones is 
found for the deepening cyclones. Height gradient discrepancies of 
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PD4(D) 



1_I_I_I -—I * I I 

12 ° 8 ° 4 ° 0 * 

Fig. 43. Plan view of the height 

field at the 300 mb level 
for the Pacific deepening 
typhoon PD4(D) data set. 
First digit was omitted; 
actual height obtained by 
adding 9000 m. 

(from Nunez, 1981) 


PD4(F) 



12 “ 8 ° ---■ 0 “ 

Fig. 44. Same as Fig. 43 but for 
the Pacific filling 
typhoon PD4(F) data set. 
(from Nunez, 1981) 



Fig. 45. 


Same as Fig. 43 but for Fig. 

the Pacific deepening 
tropical cyclone PD3(D) 
data set. (from Nunez, 1981) 


46. Same as Fig. 43 but for 
the Pacific filling 
tropical cyclone PN3(F) 
data set. (from Nunez, 1981) 
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As in Fig. 4i but for the Atlantic deepening hurricane 
AD4(D) data set. (from Nunez, 19<S 1) 


P05 
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Same as Fig. 43 but for the Pacific supertyphoon PD5 data 
set. (from Nunez, 1981) 












TABLE 4 


300 mb height gradient from 2 to 14° radius on the northern side of the 
following data sets: deepening typhoon PD4(D), filling typhoon PD4(F), 
deepening tropical cyclone PD3(D), filling tropical cyclone PN3(F), 
deepening hurricane AD4(D) and supertyphoon PD5. Octants 2, 1 and 8 
represent the NW, N and NE side of the storm. Data set PD5 was included 
among the filling sets due to its bias toward weakening storms (see 
text for explanation). (from Nunez, 1981) 


Z. . o - Z„o (m) 

Deepening 14 z Average 

Data (Octants 2, 


Sets 

NW (Octnat 2) 

N (Octant 1) 

NE (Octant 8) 

D* ** 

PD4(D) 

-72 

-51 

- 1 

-62 

PD3(D) 

-18 

-11 

+31 

-14 

AD4(D) 

-22 

-92 

-21 

-57 

Average 

-37 

-51 

+ 3 

-44 

Filling 

Data 

Sets 





PD4(F) 

-123 

-83 

-14 

-103 

PN3(F) 

-79 

-63 

- 3 

-71 

PD 5 

-59 

-84 

+ 6 

-72 

Average 

-87 

-77 

-11 

-82 

Ave. Deep./ 
Ave. Fill. 

42% 

66% 

** 

54% 

Ave. PD4(D)/ 
Ave. PD4(F) 

58% 

61% 

** 

60% 

Ave. PD3(D)/ 
Ave. PN3(F) 

23% 

17% 

** 

2 cr 


*0nly octants 1 and 2 used in this computation. The tendency of the 
height gradient to be positive or very small in Octant 8 rendered the 
averages less meaningful if it were used. 

**Ratio not meaningful in this octant due to one of the values being 
positive. 


i 
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this magnitude cannot be accounted for by the small latitude position 
difference of the data sets. 


4.5 Mean Tropospheric Temperatures to the Poleward Side 

Do these differences manifest themselves through the whole tropo¬ 
sphere or are they compensated for at the lower leveLs? Table 5 gives 
the difference between the mean tropospheric. temperature at 14° and at 
2° for the deepening typhoon PD4(D), filling typhoon PD4(F), deepening 
tropical cyclone PD1(D), filling tropical cyclone PN3(F), deepening 
hurricane AD4(0), and supertyphoon PD5. The mean temperature at each 
radius was calculated between the 150 and 900 mb levels using the 
equation: 


T (°K) 


- &z 
R 61n p 


where Sz represents the height difference between the 150 and 900 mb 
levels, R is the gas constant for dry air, and Sin p is the difference 
between the natural logarithms of the pressures at the 150 mb and 900 mb 
levels. The results agree very well with previous information indieatin 
that on the northwest octant the enhanced horizontal temperature gradien 
exists throughout the Lroposphere. 

This analysis indicates that intensity decrease in mature tropical 
systems takes place through enhancement of deep layer baroelinic layers 
to the poleward side of the system. 


4.5 Intensity Change Related to Wind Field Differences 

Tangential winds to the poleward side of the cyclone systems is 
also a major distinguishing feature of intensitv change. Radial and 
vertical winds show very little distinguishing power. Corresponding to 
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TABLE 5 


Differences between the mean tropospheric temperatures (900 mb to 
150 mb) at 14 and 2 radius for the deepening typhoon PD4(D), filling 
typhoon PD4(F), deepening tropical cyclone PD3(D), filling tropical 
cyclone PN3(F), deepening hurricane AD4(D) and supertyphoon PD5 data 
sets. The mean temperature at each radius was calculated from: 

T(°K) = - <5z/R61n p. (from N’dnez, 1981) 



AT 

- V ■ V 

(°K) 



Deepening 





Average 

Data 





(Octants 2, 

Sets 

NW (Octant 

2) N (Octant 

1) NE 

(Octant 8) 

1, and 8) 

PD4(D) 

-2.1 

-3.0 


-2.5 

-2.5 

PD3(D) 

0 

-0.6 


-2.0 

-0.9 

ADA (D) 

-2.7 

-3.1 


-2.2 

-2.7 

Average 

-1.6 

-2.2 


-2.2 

-2.0 

Filling 

Data 

Sets 






PD4(F) 

-5.8 

-6.1 


-3.8 

-5.2 

PN3(F) 

-2.3 

-4.0 


-2.9 

-3.0 

PD 5 

-5.3 

-5.8 


-3.3 

-4.8 

Average 

-4.4 

-5.3 


-3.3 

-4.4 

Ave. Deep./ 
Ave. Fill. 

36% 

42% 


67% 

45% 

Ave. PD4(D)/ 
Ave. PD4(F) 

36% 

49% 


66% 

48% 

Ave. PD3(D)/ 
Ave. PN3(F) 

0% 

15% 


69% 

30% 


the tendency of filling systems to have significantly stronger baroclinic 
regions to their poleward sides is the tendency of filling cyclone svs- 
tems to have significantly stronger horizontal gradients in tangential 
wind. Figures 49-54 indicate that the horizontal gradient of tangential 
wind at 300 mb to the poleward side of filling systems is nearly twice as 
large as with the deepening systems. However, the distinguishing power of 
poleward differences of tangential wind gradient are less than those of 
950-200 mb mean tropospheric temperature or of the 300 mb temperature 
gradient. 
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PD4(F) 
300 mb 


-•-2“ N 

„-20 _ 

_-l6 



49. Plan view of the tan¬ 
gential wind (Vg) at 
the 300 mb level for 
the Pacific deepening 
typhoon PD4(D) data 
set. Units: ms 1 , 
(from Nunez, 1981) 


Fig. 50. 


Same as Fig. 49 but for 
the Pacific filling 
typhoon PD4(F) data set. 
(from Nunez, 1981) 


PD3(0) 

300mb 


PN3IF! 
300 mb 


Ja 




Same as Fig. 49 but for 
the Pacific deepening 
tropical cyclone PD3(D) 
data set. 

(from Nunez, 1981) 


52. Same as Fig. 49 but for 
the Pacific filling tro¬ 
pical cyclone PN3(F) 
data set. 

(from Nunez, 1981) 











Fig. 53. 


Fig. 54. 


Same as Fig. 49 but for the Atlantic deepening hurricane 
AD4(D) data set. (from Nunez, 1981) 


PD5 

m.r'rr* K 



B* •)* 0" 


Same as Fig. 49 but for the supertyphoon PD5 data set. 

(from Nunez, 1981) 
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A summary of the northern side 3 oeta.it differences i n temperature, 
height, and wind gradients between deepening and tillin', sets is given 
in Table 6. 

It is evident that at least tor the storms which are in the process 
of weakening there exists a strong interaction with the circulation of 
the higher latitudes. Hie penetration of upper level westerlies comes 
much closer to these storm systems. 

Summary . Moisture, radial winds, and vertical motion are not well 
correlated with the system's tendency toward deepening or filling. A 
comparison of the deepening and filling data set wind and temperature 
fields indicates that deepening systems have smaller temperature gra¬ 
dients to their poleward -ides than do filling systems. In contrast, 
filling systems would 'nave much stronger horizontal temperature gradients 
to their poleward side. 

4.6 Cyclone Intensity Change Related to Wind-Pressure and Thermal-Wind 

Balances 

The g-adient wind equation has been evaluated for deepening and 
filling/steady systems. Deepening data sets have been found to possess 
supergradient winds at the. 900 mb level, while filling/steady sets have 
less supergradient or subgradient winds. In the upper troposphere (200 
mb) both groups have subgradient winds, although deepening sets have 
less subgradient winds. Radial frictional acceleration by cumulus clouds 
and mass recycling likely accounts for a substantial part of any existing 
imbalance. The tropical disturbance responds to these imbalances created 
by the stronger winds by adjusting its mass or pressure gradient fields. 
As long as the winds remain more supergradient than normal at low levels 
and less subgradient than normal 3t upper levels, the more the system 
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TABLE 6 


Summary of the differences on the northern side between deepening and 
filling data sets. Deepening sets: PD4(D), PD3(D), AD4(D). Filling 
sets: PD4(F), PN3(F), PD5. Given are the horizontal temperature 
gradient o at 300 mb from 2 to 14 radius, the horizontal gradient from 
2 to 14 of the mean 900-150 mb temperatures; horizontal height 
gradient at 300 mb from 2 to 14 radius, and the horizontal gradient 
of the tangential wind from 2 to 14 radius at 300 mb. (from Nunez, 1981) 


Average 
(Octants 2, 


NW (Octant 2) 

N (Octant 1) 

NE (Octant 8) 

1 and 8) 

(T 14 o-T 2 o)300 mb (°K) 




Ave. Deepening -2.3 

-3.2 

-2.9 

-2.8 

Ave. Filling -6.4 

-5.8 

-4.9 

-5.7 


Ave. Deep./ 

Ave. F ill ._36%_55%_ 59%_49% 


(T 14 O-T 2 o)90 °" 150 

mb (°K) 




Ave. Deepening 

-1.6 

-2.2 

-2.2 

-2.0 

Ave. Filling 

-4.4 

-5.3 

-3.3 

-4.4 

Ave. Deep./ 

Ave. Fill. 

36% 

42% 

67% 

45% 

(Z .o-Z o)300 mb 
14 2 

(m) 




Ave. Deepening 

-37 

-51 

+ 3 

-44 

Ave. Filling 

-87 

-77 

-11 

-82 

Ave. Deep./ 

Ave. Fill. 

42% 

66% 

* 

54% 

(V Q -V. )300 mb (m s -1 ) 

°14° V 




Ave. Deepening 

-16.6 

-24.1 

-16.2 

-18.9 

Ave. Filling 

-25.7 

-31.3 

-22.4 

-26.5 

Ave. Deep./ 

Ave. Fill. 

65% 

77% 

72% 

71% 

* Ratio not meaningful in this 

octant due 

to one of the 

values being 


positive. 
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will intensify. Weakening occurs when the winds are less supergradient 
than normal at low levels and more subgradient than normal at upper 
levels. The pressure field adjusts to these weaker wind fields by re¬ 
ducing the inner storm's warm core and consequently its intensity. 

This intensity change mechanism is in general agreement with the 
results of Silva Dias and Schubert (1979) and the mode*ling work of 
Fingerhut (1980) which indicates that the pressure field adjusts to the 
wind field and not the other way rround. 

4.7 Gradient Wind Balance 

The key to the problem of deepening/!illing thus appears tc lie in 
the balance between the wind and the thermodynamic fields. In order to 
Investigate this balance an evaluation of the gradient wind equation for 
eighteen different tropical cyclone data sets in different stages of 
intensity change was made. The gradient wind equation in cylindrical 
coordinates can be expressed in the following manner: 

V ' cy 7 , 

(fV, + 0 ) = *-~| ( 6 ) 

c •— j r p 

V r 

(a) (fc) (c) 

where f = Coriolis parameter 
V 

•? - tangential wind, positive counterclockwise 

r = radius 

g = gravitational acceleration 
z = height of a pressure surface 

p = subscript which denotes a constant pressure surface. 
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Term (a) in Eq. 6 represents the acceleration due to the Coriolis 
force, term (b) the centrifugal acceleration and term (c) the accelera¬ 
tion due to the height gradient- Since the height field can be directly 
related to the pressure field, term (c) also describes the acceleration 
due to the pressure gradient. The left-hand side of Eq. 6 gives the 
acceleration due to the wind field which, should be balanced by that due 
to the height (or pressure) field as presented by the right hand side 
term. Any imbalance occurring between these three forces will tend tc 
produce an acceleration in the radial direction. 

The three terms in Eq. 6 were evaluated at each octant and radial 
belt for every data set. Two levels were used: 200 mb and 900 mb. 

They are representative of the upper and lower troposphere. The 900 mb 
level was selected so as to minimize the effects of surface friction. 

An average of the eight octants was obtained for each radial belt and 
then area weighted. A mean value representing the 3° to 11° area was 
produced. The data sets were divided into two categories: (a) deepen¬ 
ing (b) filling or steady-state. These two categories were averaged 
and contrasted against each other. We observe that at 900 mb, in general, 
the average for the deepening systems indicates that the wind accelera¬ 
tion is greater than the pressure gradient acceleration, i.e., deepening 
systems have supergradient winds in the lower troposphere. On the 
contrary, systems which are either filling or in a steady state have 
subgradient winds. The difference between the two sets at 900 mb is 21%. 
In the upper troposphere (200 mb), both systems have subgradient winds. 
However, deepening systems possess less subgradient winds than do filling 
or steady state systems. The difference between the two sets of systems 
at 200 mb is 14%. Table 7 presents a summary of these results. 








TABLE 7 


Ratio of the average wind to pressure gradient accelerations for the^ 
deepening and filling or steady state data sets area weighted from 3 
to 11° radius. Average of the eight octants. (from Nunez, 1981) 

LeveJL Deepening Filling/Steady Di fference 

900 mb 1.12 0.91 21% 

200 mb 0.75 0.61 14% 


Of the three terms appearing on Eq. 6 the most difficult to eval¬ 
uate will be the pressure gradient acceleration. Heights are difficult 
to measure accurately at upper levels and their gradients are subject 
to noise. During the early stages of development, when the height 
gradients are small, there is some difficulty in obtaining reliable 
values for the pressure gradient acceleration term at upper levels. If 
this noise is random, however, composited heights should be reliable. 
Systematic errors should be in both sets of weather systems and, conse¬ 
quently, the differences between them should be meaningful. 

Deepening sets have more supergradient winds, filling/steady state 
sets have more subgradient winds at the lower levels; in the upper levels 
deepening sets show less subgradient winds. 

Our previous analysis of the deepening and filling data sets indi¬ 
cated the presence of differences on the northern side of the disturb¬ 
ances. The wind and pressure gradient accelerations for the deepening 
and filling or steady data sets have been evaluated in octants 8, 1 and 
2. These are representative of the northern side of the system. 

The average of all the filling or steady disturbances at the 900 mb 
Level indicates that the systems are essentially in balance, the ratio of 
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wind to pressure accelerations is 1.05. For the deepening systems, 
however, the ratio is 1.53 - a difference of 48%. The deepening sys¬ 
tems are definitely supergradient at their poleward side. At the 200 mb 
level there is basically no difference. For the filling or steady 
state systems the winds are somewhat less subgradient than for the deep¬ 
ening but the difference is only 6% which is within the noise level. 

Even without performing any smoothing on the data deepening systems 
clearly show the existence of supergradient winds at the 900 mb level, 
while filling or steady systems indicate subgradient or near balance 
winds. A summary of the results is presented in Table 8. 

The analysis of the composite data indicates that both for systems 
which are in the process of deepening and those which are filling or 
steady, an imbalance between the wind and thermodynamic field exists. 
Winds are stronger than what balance conditions call for in the lower 
troposphere for the deepening data sets, and weaker for the filling or 
steady ones. At the upper levels even though both sets indicate sub¬ 
gradient winds, the deepening systems have less subgradient winds than 
the filling or steady ones. Between deepening and filling or steady 
sets, the ratio of wind to pressure gradient accelerations are very 
distinct. 

TABLE 8 

Ratio of the average wind to pressure gradient accelerations on the 
northern side of the deepening and filling or steady state data sets 
area weighted from 3 to 11 radius. Average evaluated from octants 
8, 1 and 2. (from N T unez, 1981) 

Level Deepening Filling Difference 


900 mb 
200 mb 


1.53 

0.57 


1.05 

0.63 


48% 

- 6 % 
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Furthermore, these results are in general agreement with the findings 
of Silva Dias and Schubert (1979) and Fingerhut (1980) which indicate 
that intensification results mainly when the momentum fields are altered. 

A stronger tangential wind field will cause the temperature field and 
the radial circulation field to adjust. As long as the imbalance is 
maintained the disturbance continues to intensify. On the other hand, 
if the winds are subgradient, the adjustment process will weaken the 
disturbance. 


4.8 Thermal Wind Imbalance 

In the previous section we explained how a determination of the 
gradient wind balance requires the evaluation of the height gradient 
at individual levels, which is difficult to determine accurately in 
tropical disturbances. The establishment of the balance between the 
wind and pressure fields is crucial to our understanding of the rea¬ 
sons which lead tropical disturbances to intensify or weaken. Another 
way of determining wind-pressure imbalances is by the use of the thermal 
wind equation which expresses the difference between two vertical 
levels of the horizontal momentum equation. In essence, this is an in¬ 
tegration of the equation of motion through a layer and as such is a 
more stable quantity. 

Ine thermal wind equation can be expressed as: 


3 ^e _ 

R 

9T 

3F 

3 

dV 

<-? 

ar^ 

r 

+ — 

( dt' > 

3p 

3p 

3p 


W S - B = Res 

where W = rotational parameter 
S • vertical wind shear 


(7 ) 


B = baroclinicity (evaluated on a constant pressure surface) 


Res * thermal wind residual 
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A knowledge of the tangential wind at two levels and the mean 
temperature gradient between these levels is required to evaluate the 
left hand side of this equation. These two fields are easier to 
evaluate than height gradients at individual levels because they contain 
less noise. 

By evaluating (WS-B) we can determine the thermal wind residual 
(Res). It is found that substantial imbalances exist between the wind 
shear and baroclinicity and that systematic differences exist between 
the developing and weakening systems. 

Profiles of WS-B, area weighted from 3 to 11° radius, are shown 
in Figs. 55 and 56 for the 8 octant or radial average and for the 3- 
octant average to the north (octants 8, 1, 2). All the deepening sets 
were averaged together and compared with all the filling/steady sets. 

The smoothed temperature and wind fields were utilized. Both the 
average for the eight octants and the average to the north indicate a 
large difference in the upper levels between the deepening and the 
filling/steady data sets. The upper-level contrast is more marked on 
the northern side. WS-B is much more negative for the filling than for 
the deepening. In fact, in Fig. 56 we see that the values are slight¬ 
ly negative for the deepening sets while they are strongly negative for 
the filling/steady ones. Consequently, the tropospheric winds on the 
average are more supergradient or less subgradient for disturbances 
which have a deepening tendency. 

These figures indicate that for both the deepening and the filling/ 
steady systems WS-B is positive in the 900-500 mb layer and negative 
from about the 500-200 mb layer. WS is less negative than B in the 
200-150 mb layer. This tendency is most evident for the northern side 


of the deepening sets. 
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3°-l 1° 



-25 -20 -15 -10 -5 0 5 


WS-B (XI0' 8 cm 2 /g) 

Fig. 55. Vertical profile of the mean WS-B, area weighted from 3 to 
11 ° radius, for all the deepening and all the filling/steady 
data sets. Calculated for the 8 octant average around the 
sets. (from Nunez, 1981) 



WS-B (XlO' 8 cm 2 /g) 

Fig. 56. Vertical profile of the mean WS-B, area weighted from 3° to 
11 radius, for all the deepening and all the filling/steady 
data sets. Calculated on the northern side (octants 8, 1, 2) 
of the sets. (from Nunez, 1981) 
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Fig. 57. Schematic representation of how an upper level baroclinic 

trough to the northwest of a cyclone leads to its weakening. 
The trough produces an enhanced baroclinic field to the north¬ 
west. Simultaneously, a weakening of the storm's cyclonic 
flow due to momentum mixing in the hashed area would be ob¬ 
served. Such an influence would bring about a thermal wind 
imbalance such that WS < B. The unbalanced flow mechanism 
requires that the baroclinicity be reduced and the storm 
would weaken. 


A definite predictive ability exists by examining the balance 
between WS and B, especially on the northern side of the disturbance. 
For instance, whenever the WS-B imbalance is negative it means that B 
is larger than WS. Winds and vertical wind shears are weaker than 
baroclinicity. The disturbance will adjust by acting to reduce the 
baroclinicity and pressure gradient as shown in Fig. 57. This acts to 
weaken the storm system. When WS > B, the opposite tendency change 
occurs. 

It appears that changes in the large-scale circulation alter the 
tangential wind field around developing disturbances such that develop¬ 
ing disturbances have stronger lower level cyclonic and upper level 
anticyclonic vorticity. An imbalance is created such that the wind 
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shear field (WS) is larger than the baroclinicity (B). Winds for 
these deepening systems will be supergradient or less subgradient than 
those which characterize filling/steady disturbances. The system will 
seek to adjust by augmenting the baroclinicity in order to match the 
enhanced WS field. 

4.9 Summary of Similarities and Differences Between Developing and 

Filling Tropical Cyclones 

A comparison of the basic thermodynamic and wind fields of two 
groups of deepening vs. filling storms indicates only a selective number 
of meteorological parameters offer a good distinguishing power. They 
are: 

1) deep layer baroclinicity on the northwest and north of the 
cyclone and its associated height and temperature gradients, 

2) supergradient winds in the lower troposphere, and 

3) thermal wind imbalance such that wind and wind shear is larger 
than corresponding horizontal temperature gradient. 

Poor distinguishing parameters are: 

1) humidity 

2) absolute temperature 

3) vertical stability 

4) vertical motion 

5) total cloudiness 

In addition to the influence of poleward baroclinic conditions on 
tropical cyclone weakening, there are also cases (although less frequent) 
of tropical cyclone weakening at low latitudes without apparent baro¬ 
clinic influence. Such cyclone filling cases can often be associated 
with a weakening of the cyclone’s surrounding low level circulation 
(Wachtmann, 1968). Such a weakening can result from the cyclone's motion 


L 
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into a less favorable environment or a large-scale in-situ alteration 
of this environment. 

4.10 Prognosis 

As these thermal wind imbalances and baroclinic conditions occur 
through a deep layer and over a broad scale and are especially pro¬ 
nounced on the poleward sides of the cyclone, it may be possible to make 
routine analysis of such conditions at national meteorological centers 
having large-scale analysis capability. Such analysis would be much 
enhanced when or if satellite sounding readout capability becomes 


available. 










5. 


STATISTICAL ANALYSIS OF VALIDITY OF RAWINSONDE COMPOSITING METHODOLOGY 


By 

W. M. Gray, E. Buzzell, P. Mielke and K. Berry 

To properly interpret the rawinsonde data composite information that 
has been discussed, it is important to make statistical analysis of the 
tvpical scatter of individual rawinsonde parameters about their mean 
values. Such analysis allows the statistical significance of the infor¬ 
mation that has been presented to be better understood. 

Statistics of individual soundings show that the typical zonal (u), 
meridional (v), tangential (V ), and radial wind components (V„) have 

r\ 

standard deviations from individual radial leg averages (1-1 radio- 
radial belt, 1-5°, 5-7°, etc.) of about 1-7 m/s at lower and middle 
tropospheric levels and about 10-12 m/s at upper tropospheric levels as 
listed in Table 9. Standard deviations of soundings within individual 
octants of a particular 2° radial belt are about 5 m/s at lower and 
middle levels and about 7 m/s at upper tropospheric levels. 

These wind deviations from belt and octant average values are 
representative of all rawinsonde data sets. Deviations are 25-50' Ians r 
on the poleward than equatorial side. Data set differences are believed 
real to the extent that sounding numbers allow the largely random and 
unrepresentative soundings to cancel themselves out In the data set 
average. 

All radial belt and octant individual sounding wind deviations (and 
most other parameters) approximate a normal distribution. Typical indivi¬ 
dual sounding deviations of radial wind (V^), pressure height, and 
temperature at 900 mb for 888 soundings occurring in the 9-11° radial 
belt surrounding 14 years of hurricane soundings are shown in Figs. 58. 59 
and 60. This data approximates a normal distribution. A typical distri¬ 
bution of 101 tangential winds (V^) reports about an individual octant 

■d 









900 mb Vr m/s 


Fig. 58. Distribution of 900 mb individual radial wind values about 

the mean for the 888 soundings contained in the 9-11 radial 
belt of west Atlantic hurricanes south of 30 during the period 
1961-1974. 
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Fig. 59. Same as Fig. 58 except for 90i v individual pressure-height 
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Fig. 60. Same as Fig.58 except for 900 mb individual temperature values 
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Fig. 61. Distribution of 900 mb individual tangential wind values about 
the mean of 101 soundings contained in Octant 1 of the 9-11 
radial belt of 1961-1974 hurricanes south of 30 . 
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TABLE 9 

Approximate standard deviations of various wind components from wind 
averages at individual levels (in m/s) for all our tropical cyclone 
data sets. 


900 mb 500 mb 200 mb 


Zonal wind (u) 

v5 

v6 

M.0 

Meridional wind (v) 

^5 

^5 

M0 

Tangential wind (V ) 

Radial wind (V ) 

R 

■v7 

-v7 

M0 


-v7 

M0 


average are shown in Fig. 61. 

Table 10 lists the typical magnitude of individual wind component 
standard deviations from octant averages at 900 mb, 500 mb and 200 mb 
levels for our various data sets of the western Atlantic and western 
Pacific. Tables 11 and 12 give the typical standard deviations of pres¬ 
sure height and temperatures at 900 mb, 500 mb and 200 mb for our tro¬ 
pical data sets. Table 13 gives the usual standard deviation of specific 
humidity (q) and relative humidity at 900 mb, 700 mb and 500 mb for 
nighttime soundings. Parameter deviations to the poleward side are 
typically larger by 25-50% than parameter deviations on the equatorward 
side. 


TABLE 10 

Approximate standard deviations of various wind components from indivi¬ 
dual octant wind averages at specific levels in m/s for all of our data 
sets. 



900 mb 

500 mb 

200 i 

Zonal wind (u) 



v8 

Meridional wind (v) 

M 

M 

v8 

Tangential wind (V ) 

M 

v5 

v8 

Radial wind (V ) 

K 



%8 






TABLE 11 


Approximate standard deviations of pressure level heights (in meters) 
from radial belt and octant averages for all our tropical cyclone data 
sets. 




900 mb 

500 mb 

200 mb 

Standard deviation from belt 
averages 


^30 

<v30 

^55 

Standard deviation from individual 
octant averages 

<v25 

^25 

^50 


TABLE 12 



Approximate standard deviations 
and octant averages for all of 

of 

our 

temperature (in 
tropical cyclone 

°C) from radial 
data sets. 

belt 



900 mb 

500 mb 

200 mb 

Standard deviation from 
belt average 


vL.O 

M..2 

v-1.4 

Standard deviation from 
individual octant average 


<? 

o 

'•'si 

[ 

i 

'vO. 9 

vl.2 


TABLE 13 


Approximate standard deviations of specific humidity (gm/kg) relative 
humidity for radial belt and octant averages for all of our tropical 
cyclone data sets. Only nighttime soundings have been used. 




900 mb 

700 mb 

500 mb 

Standard deviation 
belt average 

from 

^2.0/12 

VL.3/14 

■vO.7/ 17 

Standard deviation 
individual octant 

from 

average 

-vl.4/8 

M3.9/10 

^0.6/15 


The more research and the more stratifications we make with these 
rawinsonde data sets the more confident we become as to the authenticity 
of the composite averages. We have now made over three hundred rawin¬ 
sonde composite runs on various tropical weather systems and tropical 
cyclones over the last 12 years. Repeatability of results from independent 
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data sets consistently occurs in parameters which are required or 
expected to be similar. For instance, the integrated tropospheric 
mass divergence of data sets very closely balances itself to zero 
when the data sample is sufficiently large. Nonrepresentative data and 
sounding errors average themselves out in the large data sample and are 
believed to be random. Levels of inflow and outflow are quite consistent. 
Momentum, energy and water budgets can be consistently and reasonably 
made. The reader should review a number of our project reports over the 
last decade for more information on the basic consistency of the com¬ 
posited rawinsonde data sets. 

As an example of some of the expected data composite consistencies 
one could compare independent data sets which are expected to yield 
similar results. For instance, 14 years of hurricane composited "even- 
day" vs. "odd-day" parameters should indicate very similar values. 

Figures 62 to 67 show that cross sections of tangential and radial wind 
components and temperature are almost identical. Similarly, a comparison 
of the "even-day" vs. "odd-dav" plan view 200 mb outflow patterns of 
radial and tangential wind are almost identical as can be seen in Figs. 

68 to 71. Plan views of other parameters at other levels (not shown) 
shown like similarity. 

It is observed that the strong winds of the hurricane-typhoon do 
not experience much of a diurnal variation in wind speed. OOZ vs. 

12Z composited data sets of tangential winds are very similar (see 
Chapter 3). Figures 72 and 73 show cross-section analysis of tangential 
wind for independent data sets of OOZ and 12Z for 14 years of west 
Atlantic hurricanes and for 10 years of west Pacific typhoons. OOZ 
and 12Z values, as expected, are almost identical. 
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Fig. 66. Cross-section of rawinsonde Fig* 67. Same as Fig. 66 but 
composite of 1961-1974 for odd days, 

hurricane (<30°N 1.AT.) of 
temperature deviation (in 
C) on even days. 


Such similarity of even-day vs. odd-day hurricane results and of 
00Z vs. 12Z typhoon and hurricane results from independent data sets 
should (in the authors' view) lend confidence to the rawinsonde com¬ 
positing philosophy which has been espoused by our research group for 


the last decade. 
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Fig. 68. Plan view of raw insonde com- Fig. 69. Same as Fig. 68 but 

posite of 1961-1974 hurricane for odd days. 

(^30° LAT.) 150 mb level radial 
wind (in m/s) on even days. 



*3* 4* C* M* 4* 

°U T 


Fig. 70. Plan view of rawinsonde com- Fig. 71. Same as Fig. 70 

posite of 1961-1974 hur- but for odd dnvs. 

ricane (<30°LAT.) 150 mb 
level tangential wind (in 
m/s) on even days. 


1 












Fig. 72. 


Fig. 73. 


RADIUS ("^ATIT'JDE! RADIUS ('LAT'TtDE; 

(a) no 

Composite tangential wind field at 12Z ("07 LT) - diagram (a' 
and at 00Z (^19 LT) diagram (b) for all west Atlantic hurri¬ 
canes (< 30 LAT.) during the period of 1961-1974. 



Same as Fig. 72 but for west 
diagram (a) and 12Z (22 LT) 



0° 4° 6° 8° 'C* It* 4* 

RAD,US ("LATITUDE) 


<M 

Pacific typhoons at OOZ (^10 LT) 
diagram (b) . 
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5.1 Statistical Procedures (by P. Mielke) 

In meteorological composite studies which are concerned with inter¬ 
pretation of large quantities of data a number of measured responses 
are obtained from each object in question (an observational unit). An 
immediate example of a number of measured responses for a given object 
is rawinsonde data (here the object is a specified location and time 
increment). To avoid making the unjustified (but convenient) assumption 
that the joint distribution of these various dependent response mea¬ 
surements (transformed or otherwise) is multivariate normal, one 

naturally seeks alternative multivariate inference procedures which 

2 

beneficially replace MANOVA, Hotelling's T , and other related techniques 
based on the multivariate normal distribution (cf. Morrison, 1967). 

For this purpose, a large number of multivariate uonparametric and 
permutation procedures have been developed (cf. Puri and Sen, 1971). 

An additional class of conceptually simple permutation procedures des¬ 
ignated multi-response permutation procedures (MRPP) appears to be a 
very useful tool for detecting the multivariate differences anticipated 
with the present type of study. Though complete details of MRPP are 
described elsewhere (Mielke et al., 1976; Mielke, 1979b), the following 
brief description of MRPP is given. 

bet Si = (ujj,. .. ,u)jj) be a finite population of N objects, let 
• ! r i x j) denote r commensurate response measurements (or 

dills .id justed by predictors) for object ui^ (I = 1,...,N), and let 
. be an exhaustive partitioning of ii into g+1 disjoint sub- 
i i t s. Also let A T be a monotone increasing function of 

I , vJ 

between and a- which is zero when the normed dis- 

e term of ,\ in this discussion is confined to: 

1 


# 
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4 i,j ' c 


r 

E 

k=l 


(x 


kl 


v ,) 2 ] v/2 


where v > 0. The recommended version of MRPP (Mielke, 1979b; O'Keillv 
and Mielke, 1980) is based on the statistic given by 


g 

6 - E (n./KK. 

i=l 1 1 


where C. - ( 0 i) 2 t .I q (u ) I (w ) is the average distance for 

1- *- T - l « *J O . 1 O, U 

I < J 1 1 

all pairs of objects in subgroup S. (i = 1,..., g), I is the sum over all 

1 1 - J 

I and .1 such that 1 <_ 1 <_ .1 <_ N, 1^ (lo^.) is 1 if w belongs to subgroup 

i 

S and 0 otherwise for I = 1,..., N, n. >_ 2 is the number of (classified) 

1 g 

objects in subgroup S. (i = 1,..., g), K = 'L n , and n . = N-n is the 

1=1 8 1 

number of remaining (unclassified) objects in subgroup S The under- 

g+1 

lying permutation distribution of 6 implies that each of the possible 

g+1 

M = N!/( n n.!) allocation combinations of the N objects to the g+1 
i=l 1 

subgroups will occur with equal chance. With the underlying permutation 

2 

distribution of 6 assumed, let u., o r and y. respectively denote the 

0 0 0 

mean, variance and skewness of 6. If 5^ denotes the ith value among M 
possible values of 6, then 


11 5 


-1 


M 

v 

i=l 


1’ 


= M 


i=l 


ov - pr 

i o 


and 


Y 


6 



M 

E 


i=l 


- 2 
3h rO- 
6 0 


4)/, 


3 

5' 


Efficient computation techniques for obtaining p c , cr. and y e for a 

' ! O u 

realized set of data are described by Mielke (1979b) and Mielke et al. 
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(1976). A simple intuitive Interpretation of MRPP results is that 
small values of £ infer a concentration of response measurements within 
the g subgroups. 

Because the calculation of the M possible values of 5 is not com¬ 
putationally feasible even for relatively sinaLl values of N', an approx¬ 
imation of the underiving permutation distribution of A is ind ispensable 
The standardized test statistic given by 


r ■ « - • v >/" 6 


is approximately distributed as the Pearson type II ! ci i s t r i but a wit!; 
parameter = > t . In particular, this distribution compensates for tli 

fact that the underlying permutation distribution of A is often very 
skewed In the negative direction (of. Mielke, 1979b; O'Reilly and Mielke 
1980). If K = N (as the case would he with most comparisons), then 
even the asymptotic value of is usually loss than -(g-1) ^. As pre¬ 
viously mentioned, specific details for computing y t are given bv Mielke 
(1979b) and Mielke et al. (1976). 


Being a permutation based technique, MRPP routinely avoids specific 
problems associated with narrowly specified null hypothesis features 
(i.e., Level of significance being specified by a fabricated null dis¬ 
tribution) which are assumed in parametric inference techniques. In 
addition, the efficient discrimination characteristics of MRPP are 
consistent with the fact that special cases of MRPP coincide with well 
known parametric and nonparametric techniques which provide optimum 
efficiency under prescribed conditions. For example, if v = 2, r = 1, 
g ;> 2 and S . is emptv, then the univariate version of MRPP is equi- 

g+1 

valent to the permutation versions of the classical two-sample t and 
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one-way ANOVA class of tests. Also If v = 2, r = 1, g > 2, ^g+1 ls 
empty and the univariate response measurements are replaced by ranks, 
then the resulting univariate nonparametric version of MRPP is equivalent 
to the two-sample Wilcoxon (Mann-Whitney) and Kruskal-Wallis class of 
tests. Instead, if v = 1, r = 1, g >_ 2, S is empty and the univariate 
response measurements are replaced by ranks, then the resulting univariate 
nonparametric version of MRPP (Mielke, 1979a) is substantially superior 
to the case with v = 2 under some general situations. Specifically the 
nonparametric version of MRPP with v = 1 is superior to v = 2 for 
detecting location shifts associated with either a double exponential 
distribution or a U-shaped distribution (even when logistic and normal 
distributions are considered, the case with v = 2 shows only a minor 
improvement over the case with v = 1). A point worth mentioning is 
that none of the known types of nonparametric tests coincide with the 
present univariate nonparametric versions of MRPP indexed by v • 0 
(with the obvious exception of v = 2). 

MRPP is a general purpose inference technique and consequently 
possesses a broad spectrum of potential applications. Though special 
univariate cases of MRPP are equivalent to the permutation versions of 
commonly employed statistical techniques (e.g., Mann-Whitney, Kruskal- 
Wallis, two-sample t, and one-way ANOVA tests), the extent of possible 
univariate and multivariate versions of MRPP is enormous (i.e., the 

choice of A . is essentially unlimited). 

I , J 
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5.2 Examples of Initial Statistical Analysis with MRPP Technique 

We have tested the MRPP statistical scheme on composited rawinsonde 
data from individual storm octants for our 14 year west Atlantic data 
set. Two pairs of data sets have been initially chosen and statistically 
tested. One pair of data sets is expected to be similar and the other 
pair of data sets are expected to be different. The paired data sets 
expected to be similar are those which compare "even" (E) with "odd' 1 
(OD) hurricane days. The paired sets expected to be different are those 
which compare weak tropical disturbances which later develop into tro¬ 
pical cyclones (data set D) with tropical disturbances which do net 
show such development (data set N') . 

Figure 74 shows plan views of the probabilities that the zonal u 
(top) and meridional v (bottom) components of the wind in various 
octants are similar at 900, 500 and 200 mb. Data are for the radial 
belt of 5-7° radius. Approximately 15 to 60 rawinsonde reports were 
in each octant and level sample. Figure 75 shows similar information 
on Temperature (T) and pressure-height (Ht) between these data sets. 

Table 14 shows the probability in each octant of the 5-7 L radius 

belt that tangential (V ) and radial (V ) component of the wind, tern- 

u r 

perature (T), and pressure-height (Ht) are the same. The four octant 
combined belt probabilities that these two paired data sets are similar 
is also given. 

These r suits show us that for most parameters and levels the 
5-7° radius average data of the even vs. odd day hurricane data samples 
are verv similar. By contrast, the same 5-7° radius data information 
applied to the developing vs. non-developing tropical disturbances 
shows very distinct differences in tangential wind (V^) and height in 
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HURRICANE 
EVEN VS ODD DAYS 


DEVELOPING VS 


NON¬ 

DEVELOPING 




Fig. 74. MRPP determined probability that zonal (u) - top - and 

meridional (v) - bottom - wind components are the same for 
the hurricane "even" vs. "odd" day comparison (left set of 
circles) and for the developing vs. non-developing tropical 
disturbances at the three levels of 900 mb, 500 mb and 200 mb. 
Top figures are for Octant 1, left figures are for Octant 3, 
bottom figures are for Octant 5, and right figures are for 
Octant 7. 














TABLE 14 


MRPP probability for developing vs. non-developing disturbance 
(left figure) and even vs. odd day (in parenthesis) being different for 
various parameters, levels, and octants. Four octant combined probabil¬ 
ities are also shown as are North, West and 900 mb, 500 mb combined 
probability for tangential wind (V ) and pressure-height (Ht). 

U 


Tangential Wind (V^) 

900 mb 500 mb 200 mb 


N. Octant 

.00016 

(.61) 

.02 

(.33) 

.46 

(.30) 

W. Octant 

.00004 

(.82) 

.003 

(-22) 

.18 

(.37) 

S. Octant 

.11 

(-18) 

.03 

(.33) 

.36 

(.76) 

E. Octant 

.19 

(1.00) 

.06 

(.27) 

.03 

(.38) 

Combined 4 Octant 
Probability 

.000032 

(.78) 

.000099 (.26) 

.081 

(.919) 



Radial 

Wind 

(V 



N. Octant 

.16 

(-38) 

.01 

(-09) 

.17 

(.60) 

W. Octant 

.81 

(1.00) 

.91 

(-55) 

.76 

(1.00) 

S. Octant 

.72 

(.29) 

.77 

(.28) 

.31 

(.31) 

E. Octant 

.07 

(1.00) 

.64 

(.27) 

1.00 

(-38) 

Combined 4 Octant 
Probability 

.26 

(.82) 

.21 

(.19) 

.95 

(.72) 



Temperature 

(T) 



N. Octant 

.32 

(.38) 

.06 

(.52) 

.02 

(.71) 

W. Octant 

.39 

(.40) 

.09 

(.43) 

.81 

(.38) 

S. Octant 

.09 

(.18) 

.65 

(.50) 

.66 

(.41) 

E. Octant 

.17 

(.26) 

.02 

(.86) 

.32 

(.74) 

Combined 4 Octant 
Probability 

.13 

(-27) 

.014 

(.80) 

.18 

(.75) 



Height 

(Ht) 




N. Octant 

.002 

(.26) 

.002 

(.20) 

.06 

(.77) 

W. Octant 

.05 

(.42) 

.01 

(.08) 

.03 

(.22) 

S. Octant 

.77 

(.69) 

.65 

(.75) 

.41 

(.25) 

E. Octant 

1.00 

(.79) 

.58 

(1.00) 

.57 

(.87) 

Combined 4 Octant 
Probability 

.015 

(.69) 

.0026 

(.36) 

.049 

(.58) 


Combined N and W 
Octants for 900 mb 
and 500 mb 


Developing vs. Non-developing Disturbances 
For V 0 .0000000017 
For Ht. .0000041 
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the North and West quadrants at 900 mb and 500 mb. Probabilities that 
the tangential wind components are similar are .00016 (N. Octant - 900 mb), 
.00004 (W. Octant - 900 mb), .02 (N. Octant - 500 mb) and .003 (W. Octant - 
500 mb). The probabilities that the pressure-heights at these octants 
and levels are similar is also quite low - .002, .05, .002 and .01. By 
contrast, probability of differences in these octant's radial wind and 
temperatures are very much higher - .16, .81, .01, .91 (radial winds) 
and .32, .39, .06, .09 (temperatures). 

When the four separate octant 5-7° radius statistics are combined, 

the statistical probahilitv that the 5-7° radial belt V winds are the 

6 

same for the developing and non-developing disturbances is .000032 (at 
900 mb) and .000099 (at 500 mb). Comparable values for the "odd" vs. 

"even" day analysis is .78 and .26. 

By combining the tangential wind (V ) and heights (ht) in the North 
and West octants at 900 mb and 500 mb, the probability that the 5-7° 
radius V, and Ht are similar is < .0000000017 (for V ) and .0000041 
(for Ht). Comparable parameter probabilities for the "even" vs. "odd" 
day sample are .58 and .12. We can thus be quite confident that V, and 
Ht are primary distinguishing components of the developing and non¬ 
developing disturbances. Although these results well agree with our 
previous Information on the mean parameter differences, they, for the 
first time, offer us quantitative statistical verification. 

Summary . We can thus in an objective and quantitative way determine 
what are the parameters which best distinguish between data sets. These 
statistical results give much physical insight into the real physical 
processes which are occurring and appear to offer much promise if 
applied to a variety of other data sets at other radial intervals, 
octants, levels, etc. We thus have a greater confidence and understanding 
of our composited (or averaged) rawinsonde information. 
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6. TROPICAL CYCLONE LOOPING/STALLING MOTION AS RELATED TO SURROUNDING 

LARGE-SCALE CIRCULATION PATTERNS - By Jianmin Xu and W. II. Gray 

6.1 Background 

Major forecasting problems occur when tropical cyclones 
undergo looping/stalling motion. It is important to recognize the 
distinct synoptic situations which occur with such stalling and looping 
situations so that better forecasts can be made. 

This chapter investigates the typical 500 mb and surface surrounding 
synoptic scale flow patterns associated with looping motion storms in 
the northwest Pacific and west Atlantic. Looping motion is stratified by 
clockwise (C) and counterclockwise (C,C) looping, and by diameter and 
period of looping. It is shown that the type of looping motion which 
occurs is dependent upon the storm's latitudinal position relative to 
the subtropical ridge(SR), strength and longitude of upper level troughs 
and ridges to the poleward side, motion of such troughs and ridges, and 
(in cases of double vortex looping) by the proximity of a neighboring 
cyclone, etc. This information shows what a profound influence the 
surrounding synoptic scale wind patterns have on tropical cyclone motion. 
Looping can even be correlated to trough position in the opposite side 
of the globe. Significant looping differences are found between Atlantic 
and Pacific cyclones. The surrounding cyclone flow patterns which are 
characteristic of different types of looping motion has yet to be well 
specified and compared with each other. 

6.2 Data Sources 


All tropical cyclone tracks in the West Atlantic and West Pacific 









Western Pacific Looping Cyclones 
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TABLE 15 (cont'd) 
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TABLE 15 (cont'd) 

= Typhoon 

S = Tropical Storm 
D = Depression 


C = Clockwise 
CC = Counterclockwise 
“> = Irregular looping 

3 

N = North of Subtropical Ridge 
S = South of Subtropical Ridge 
D = Double Vortex Looping 

X = Looping less than one day and intensity weaker than tropic 
storm 
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TABLE 16 (cont’d) 


= Hurricane 
S = Tropical Storm 
D = Depression 


2 

C = Clockwise 
CC = Counterclockwise 
= Irregular looping 


N = North of Subtropical Ridge 
S = South of Subtropical Ridge 
D = double Vortex 

X = Looping less than one day and intensity weaker than tropical storm 
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Fig. 78. Total tropical cyclone occurrence (blank) and looping cyclone 
events (shaded) by month during 1957-1977 for the western 
Pacific (a) and the western Atlantic (b). The numbers shown 
at the bottom is the ratio of looping event numbers to total 
storm number in percent. 
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Fig. 79. Distribution of looping period in days for the western Pacific 
(no shading) and western Atlantic (shaded). 
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Fig. 80. Distribution of looping 
diameter in °latitude 
for the west Pacific (no 
shading) and for the 
western Atlantic (shaded). 


Fig. 81. Direction of looping, 

clockwise (C), counter¬ 
clockwise (CC), and both 
ways (“>). Unshaded 
nunbers for west Pacific, 
shaded numbers for west 
Atlantic. 




Fig. 82. The latitudinal distribution of tropical cyclone looping storms 
in the Pacific (left) and in the Atlantic (right). The dashed 
line of the left diagram shows the latitude distribution of the 
total tropical storm occurrences during the 21 period of 1949- 
1969 as indicated by the numbers at the bottom. 







99 


during the 21 year period of 1957-1977 were examined for looping motion. 
Only named storms are used. In addition, it was required that west 
Pacific cyclones underwent a complete circular looping while west 
Atlantic cyclones had a circular motion of at least 3/A of a loop. 

1 i. es 76 and 77 show typical looping motion in the Pacific and Atlantic. 

Tables 15 and 16 present information on all the looping cyclones 
studied. The start and end time of looping was defined as the time at 
which the cyclone lost or gained stable direction and velocity. Looping 
time was defined as the period during which the cyclone was in a circular 
track. Looping diameters constitute the mean values of the long and 
short axes of the track circles. The looping locations were the centers 
of the track circles. 

6.3 Looping Climatology 

There were 82 cyclone loops in the West Pacific and 27 loops in the 
West Atlantic during the 21 year period of 1957-1977, or about A per 
year in the Pacific and 1 per year in the Atlantic. This results in 
about one tropical cyclone in seven experiencing a looping motion. 

Fig. 78 shows the monthly distribution of looping cyclones to total 
tropical cyclones in each ocean basin. 

Fig. 79 shows the distribution of looping period in days. Looping 
can take anywhere from 1/2 to about 10 days. In the Pacific, the mean 
looping period is about 2 days. More than 85% of West Pacific looping 
cyclones have looping periods less than 3 days. In the Atlantic, the 
mean and 85 percentile looping periods are larger - being 3.7 and 5.0 days 
respectively. Figure 80 shows the distribution of the looping diameter. 

In the Pacific, the mean looping diameter is only about l.A° latitude. 
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More than 85% of the West Pacific looping storms have looping diameter 
of less than 2° latitudes. Loops are larger in the Atlantic. Here the 
mean and 85 percentile loops are of 3.3° and 7.0° latitude respectively. 
Thus, loops are larger in size and take longer in the Atlantic than in 
the Pacific. 

Figure 81 shows the direction of looping. In the Pacific counter¬ 
clockwise (CC) loops are more frequent than clockwise (C) ones by a 
ratio of 2 to 1, while in the Atlantic, clockwise and counterclockwise 
loops have a similar frequency. 

Figure 82 shows the latitudinal distribution of looping storms. 
Tropical cyclones loop at lower latitudes in the Pacific than in the 
Atlantic. The mean latitude of looping cyclones in the Pacific is 19° 
while it is 29° in the Atlantic. Only 5% of the loops in the Pacific 
occurred to the north of 30°N, while in the Atlantic 40 percent did. On 
the other hand, as many as 60% of the loops in the Pacific occured to 
the south of 20°N, while in the Atlantic only about 7% did. Figure 83 
shows the geographic distributions of looping cyclones in both oceans. 
Looping occurs at significantly higher latitude in the Atlantic and 
clockwise loops are more prevalent to the east and north. These storm 
basin and regional looping differences are closely related to the large 
scale environmental flow fields in which the looping cyclones are em¬ 
bedded in. 

6.4 Broadscale Circulation Patterns in Which Looping Occurs 

It is well known that the surrounding cyclone "steering" flow 
patterns are the dominant factor affecting the movement of tropical 
cyclones. Although this concept is used all the time, it has not yet 
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Fig. 83. Geographic distributions o£ looping cyclones in the Pacific 

(a) and Atlantic (b). Triangles (A) denote clockwise looping, 
open circles(o) counterclockwise (CC) looping and x’s looping 
in both directions. 

been well established for looping storm cases. It would be helpful 
to the cyclone forecaster if these looping patterns could be better 
spec ified. 

Daily series synoptic weather maps (Northern Hemisphere) during 
1957-1970 published by U.S. NOAA Environmental Data Service, daily 
weather maps (North West Pacific) during 1962-1977 published by Japan 
Meteorological \gency, and daily weather map microfilms of Miami National 


llurr ica v 1 •< 


North West Atlantic) during 1971-1977 were used to 











study the broad scale, circulation features in which looping cyclones 
were embedded. 69 looping events in both oceans which had looping 
length more than one day and which had tropical storm strength at least 
once during the loop have been studied. In addition, 69 rapidly moving 
cyclones in the Atlantic during 1957-1969 which maintained velocity 
greater than 10 m/s for more than 36 hours were gathered and contrasted 
with 38 slow moving cyclones which had velocity slower than 2.5 m/s for 
more than 36 hours. 

In order to illustrate the principal character of the broadscale 
flow surrounding looping and other types of cyclone motion typical 500 mb 
and surface flow maps have been constructed for the different looping 
cases so that surrounding flow comparisons and contrasts can be made. 
Storms were stratified by their position north, south or at the sub¬ 
tropical ridge. 

Figures 84-86 show the typical westerly moving flow patterns for 
fast, slow, and looping storms which are located to the south of the 
subtropical ridge. Comparing these flow patterns, we observe that when 
the storm is looping or moving very slowly there is a 500 mb long wave 
trough at similar longitude to its poleward side. Normally when the 
storm is located to the south of a strong subtropical ridge the westerly 
velocity of the storm is rapid. But when there is a large amplitude 
westerly trough at the cyclone latitude the storm moves only slowly west¬ 
ward or will loop as the trough to the north passes across its position. 

Comparing Fig. 86 to Figs. 87 and 88 we can see the difference 
between recurving storms and looping storms. For the recurving : u' s 
the 500 mb trough has penetrated into the latitude 
ridge and the trough is located to the west of the 









Schematic of fast moving storms to the south of the subtropical 
ridge (SR) at 500 mb (top) and at the surface (bottom). The 
wind barb(^L_ )denotes the nearest 20 m/s isotach to the storm 
center at 500 mb. 







Fie 85 Schematic of slow moving storms to the south of the subtropica 
ridge at 500 mb and the surface. The wind barb(A_)denotes 
the nearest 20 m/s isotach to the storm center at 500 mb. 






Fig. 86. Typical 500 mb flow patterns for looping storms to the south 
of the subtropical ridge (SR). Diagrams a, b, and c. are for 
clockwise (C) looping while diagrams d, e, and f are for 
counterclockwise looping. Wind barb(A—)denotes the nearest 
20 m/s isotach to the storm center at 500 mb. 
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Fiz 87 Typical 500 mb and surface weather maps for a fast moving 
’ cyclone crossing the subtropical ridge towards the north. 

Wind barb(A_ ) denotes the nearest 20 m/s isotach to the storm 

center at 500 mb. 

















Typical 500 mb and surface weather maps for a slow moving 
cyclone crossing the subtropical ridge (SR). Wind barb (4—) 
denotes the nearest 20 m/s isotach to the storm center at 
500 mb. 









looping storms, the 500 mb trough is still to the north of the sub¬ 
tropical ridge and the trough is at about same latitude as the storm. 

The right side of Fig. 86 also shows the looping processes when a short 
wave trough passes by the storm to the north. The storm is forced toward 
the south by the north wind behind the trough. If the westerly trough is 
deepening near the end of the looping motion (similar to Fig. 88) the 
storm recurves. Otherwise, it will move toward the west again. 

Figures 87-89 show the situation when the storm is at the latitudes 
of the subtropical ridge. In all three situations there is a westerly 
long wave trough to the west of the storm. Although all of these storms 
move toward the north, their velocities are very different. 

In Fig. 87 the westerly long wave trough is very deep and penetrates 
south of subtropical ridge. When the storm approaches the western side 
of the subtropical ridge it finds itself embedded in strong southerly 
steering flow and moves very rapidly to the north. By contrast. Fig. 

88 shows the typical case of a westerly long wave trough which does not 
penetrate so far equatorwards. The westerly jet stream keeps further 
to the north. The storm follows a stable northward path but it moves 
very slowly. 

Figure 89 shows the usual situation of cyclonic looping associated 
with double vortex storms. Although there is also a westerly trough 
to the west of the storm another storm is located about 15° to the east. 
The two storms have a tendency to loop about with each other in a 
manner discussed by Fujiwhara (1913); Haurwitz (1951); Hoover (1961); 
and Brand (1970). As a result, the east storm recurves very quickly. 

The cyclone to the west usually follows a counterclockwise looping track. 

Figures 90-92 show the typical synoptic conditions when cyclones 
are located to the north of the subtropical ridge and are strongly 



























Typical 500 mb and surface flow patterns for slow moving 
tropical cyclones to the north of the subtropical ridge. 

The wind barb(A_) denotes the nearest 20 m/s isotach to 

the storm center at 500 mb. 
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affected by the westerly air flow. In Fig. 90 the storm is very near to 
a 500 mb trough to the west and an upper level westerly jet stream. Such 
storms move very fast. Burroughs and Brand (1973) have also discussed 
this special class of rapidly moving tropical cyclones to the east of 
an upper trough. In both Figs. 91 and 92 there are large amplitude 
westerly troughs to the east and west of the cyclone and the storm is 
affected by the ridge pattern to the north. The synoptic scale flow 
patterns of Fig. 91 are changing only very slowly. The surrounding 
flow is weak. The storm moves only very slowly to the 
north. In Fig. 92 the two troughs to the east and west are deepening. 

The developing trough to the east initially steers the storm towards 
the south. A high pressure cell then builds between the two troughs 
and the storm moves to the west for a while until the deepening trough to 
the west begins to influence the storm and drive it towards the northeast 
again. It is to be noted that for the fast moving storms the 20 m/s 
isotachs are very near to the storms (about 5-8° latitude away). When 
the storm is located in a deep easterly current and is headed westwards 
the westerly jet stream is about 25-30° away from the storm. For the 
slow moving and looping storms this isotach is approximately 10-15° 
away from the storm center. In the low index circulation flow pattern, 
if the westerly trough is located to the north or northeast of the 
storm, the storm will loop or move very slowly. 

From these figures we can also see that when the directions of 
500 mb and surface steering flows are the same, the storm moves quickly. 
When these flow patterns come from opposite directions the storm moves 
much slower. 


The modification of the long-wave pattern is very important. We 







can see that the situation of slow moving storms is very similar to 
the one of looping storms. The difference is in the degree of short¬ 
wave activity. In the looping situation there is more uhort-wave trough 
activity than in the slow moving situation. 

It is advantageous for a forecaster to be familiar with these 
typical looping motion synoptic situations. With these flow patterns in 
mind he can judge if the objective prediction is reasonable or not and 
also he can make his estimates of looping potential. From these figures 
we can also see that the large amplitude stationary longwave is one of 
the most important factors which bring about looping. These long wave 
patterns are ot planetary scale. They are very closely related in the 
hemisphere general circulation. The next section discusses the types of 
typical long-wave general circulation patterns wh ch are associated 
with these various looping storm cases. 

6.5 Association of Longwave Patterns with Storm Looping Motion 

Figures 93-95 show composites of the westerly troughs distribution 
occurring with storms looping to the North, South and near the subtro¬ 
pical ridge. From these charts we can see that in the situations of 
looping to the north and south of the subtropical ridge the longwave 
pattern of number five is dominate. The relative wave length is about 
70° longitude which happens to be the stationary wave length. Thus, 
stationary and stable long waves are very important for looping motion. 
When storms loop to the north of the subtropical ridge (Fig. 93) the 
long wave troughs are located on both sides of the storm. When storms 
loop to the south of the subtropical ridge (Fig. 94) the long wave 
trough is located to the north of the storm with a slight bias to the 
east. Figure 95 is for looping motion due to double vortex action. It 
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Fig. 93. Composite of 500 mb westerly wind trough positions (solid 

curved lines) about the Northern Hemisphere relative to the 
position of looping cyclones to the north of the subtropical 
ridge. The symbol f denotes the longitude of the looping cyclone. 
Concentric circles denote latitude. 
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is similar to Fig. 94 in showing the trough to be at the longitude of 
looping. Note how looping motion in these 3 figures is even correlated 
with long-wave trough activity at the opposite side of the globe. Such 
high correlations were not expected. 

For comparison. Figs. 96 and 97 have been prepared. They show 
composite long wave trough patterns for storms moving very fast toward 
the west and for recurving storm patterns. In these cases t.ie long wave 
troughs are not located at specific longitudes. The westerly winds are 
more zonal with higher wave numbers. 

6.6 Looping Differences Between Atlantic and Pacific 

Figures 98 and 99 show the geographic differences in the distribu¬ 
tion of different types of looping motion in the two ocean basins. 

These figures should be compared with Fig. 83. Wo see that most of the 
loops to the north of the subtropical ridge are clockwise and located 
in the northeast part of the looping area. In the Atlantic almost all 
storm loops are cf this type. Most of the loops caused by double storms 
are counterclockwise and occur in the most western part of the looping 
area. In the Atlantic there was only one loop in this type. This Is 
because there are seldom storms existing simultaneously in the Atlantic. 
But in the Pacific it is very common that two or even three storms 
exist simultaneously. When they come close enough, usually the west 
storm takes on the looping tracks. This is one reason why double vortex 
looping occurs to the west part of the looping area. Most of the loops 
to the south of subtropical ridge are counterclockwise ones. They are 
located in the southwest part of the looping area. In the Pacific the 
counterclockwise looping is most prevalent. These are two types of 













Composite of 500 mb westerly wind trough positions (solid 
curved lines) about the Northern Hemisphere relative to the 
position of tropical cyclones moving to the west. The symbol 
$ denotes the longitude of the cyclone. Concentric circles 
denote latitude. 
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Fig. 98. Geographic distribution of west Pacific looping cyclones for 

loopings to the north of the subtropical ridge (diagram a); looping 
caused by double vortex cyclones (diagram b); and looping to 
the south of the subtropical ridge (c). Triangles (A) denote 
clockwise looping, open circles (o) counterclockwise (CC) 
looping, and x’s looping in both directions. 
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counterclockwise looping. By contrast, in the Atlantic there was only 
one counterclockwise loop. These differences are caused by the back¬ 
ground circulation differences in the two regions. In the Pacific the 
lower tropospheric equatorial westerlies are quite strong. When the east¬ 
erly winds to the north of storms weaken, the air currents to the north 
and south tends to balance each other and the storm can take on a loop¬ 
ing track as its surrounding flow balance varies with time. In the 
Atlantic low-level equatorial westerly winds to the south of the cyclone 
are much rarer and weaker. When the easterly winds to the north of the 
storm weaken, the storms just move more slowly, they seldom go into a 
looping motion. The direction of steering is the same but weaker. 

From the analyses shown above, we see that although there are 
significant differences between looping climatologies in the two ocean 
basins the basic cause of storm looping is directly related to the 
surrounding flow patterns. 
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